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DEVELOPMENT OF A NON-MAGNETIC, STABLE, 
CADMIUM ELECTRODE FOR SILVER-CADMIUM CELLS 
by 
S. Lerner  and S. Cha r l i p  
ABSTRACT 
The o b j e c t i v e s  of t h i s  program were t h e  development of a  non- 
magnet ic ,  cadmium e l e c t r o d e ,  which has s t a b l e  c a p a c i t y  f e a t u r e s  
dur ing  cyc l ing ,  f o r  use  i n  a  silver-cadmium c e l l .  
Seve ra l  f a b r i c a t i n g  techniques were used inc luding  p a s t i n g ,  
p r e s s i n g ,  and impregnating cadmium s a l t s  i n t o  s i n t e r e d  s i l v e r  plaques.  
The raw m a t e r i a l s  under i n v e s t i g a t i o n  were commercial cadmium oxide 
and Gulton produced cadmium hydroxide. The e l e c t r o d e  combination which 
gave t h e  b e s t  r e s u l t s  was a  compound of t e f l o n  and cadmium hydroxide 
which had been hea t  cured and pressed onto a  s i l v e r  sc reen .  I n i t i a l  
u t i l i z a t i o n  of t h e s e  e l e c t r o d e s ,  on e a r l y  c y c l e s ,  yielded b e t t e r  than  
80% of t h e o r e t i c a l  capac i ty .  This u t i l i z a t i o n  s t a b i l i z e d  t o  approxi-  
mate ly  65% on continued cyc l ing .  This  va lue  compares wi th  less than  
40% f o r  cadmium e l e c t r o d e s  p r e s e n t l y  i n  u s e  i n  t h e  silver-cadmium 
s ys tem. 
Silver-cadmium c e l l s ,  of 5 Ah c a p a c i t y ,  were f a b r i c a t e d  from t h e  
t e f l o n a t e d  cadmium hydroxide e l e c t r o d e s  and placed on a  cyc l ing  
regime of 24 hour o r b i t  (22.8 hour charge and 1.2 hour d i s cha rge )  
a t  50% depth  of d i scharge .  Ten c e l l s  have completed an average of 
362 cyc l e s  ( f i v e  a t  342 and f i v e  a t  382) a s  of t h e  end of t h e  program, 
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The objec t ives  of t h i s  program were t h e  development of a  non- 
magnetic, cadmium e lec t rode  which has s t a b l e  capaci ty  f ea tu res  during 
cycl ing ,  f o r  use i n  a  silver-cadmium c e l l .  
Several  f a b r i c a t i n g  techniques were used, including pas t ing ,  
press ing ,  and impregnating cadmium s a l t s  i n t o  s in te red  s i l v e r  plaques. 
The raw mate r i a l s  under inves t iga t ion  were commercial cadmium oxide 
and Gulton produced cadmium hydroxide. 
Preliminary t e s t i n g  of these  e lec t rodes  i n  negative l imi t ing  
nickel-cadmium c e l l s  eliminated fu r the r  evaluat ion of pasted e lec-  
t rodes ,  due t o  poor mechanical s t r eng th  and d i f f i c u l t i e s  i n  f ab r i ca t ion .  
Further  evaluat ion  of e lec t rodes  i n  silver-cadmium c e l l s  showed 
t h a t  the  Cd(0H) impregnated s in te red  s i l v e r  e l ec t rode  was not  a  2 p r a c t i c a l  negative, s ince  c e l l s  could not  be made p o s i t i v e  l imi t ing  
and f a i l e d  e a r l y  i n  cycling due t o  severe s i l v e r  migration. 
The e lec t rode  combination which gave the  bes t  r e s u l t s  was a com- 
pound of Teflon and cadmium hydroxide which had been heat  cured and 
pressed onto a s i l v e r  screen. I n i t i a l  u t i l i z a t i o n  of these  e lec t rodes ,  
on e a r l y  cycles ,  yielded b e t t e r  than 80% of t h e o r e t i c a l  capacity.  This 
u t i l i z a t i o n  s t a b i l i z e d  t o  approximately 65% on continued cycling.  This 
value compares with l e s s  than 40% f o r  cadmium elec t rodes  p resen t ly  i n  
use  i n  the  silver-cadmium system. 
Silver-cadmium c e l l s  of 5 Ah capaci ty  were fabr ica ted  from the  
tef lonated  cadmium hydroxide e lec t rodes  and placed on a cycl ing  regime 
of 24 hour o r b i t  (22.8 hour charge and 1.2 hour discharge) a t  50% 
depth of discharge. Ten c e l l s  have completed an average of 362 cycles 
( f i v e  a t  342 and f i v e  a t  382) as of the  end of the  program. 
IT, JNTRODUCTIOW 
Silver-cadmium b a t t e r i e s  have been succes s fu l ly  used i n  many aerospace 
a p p l i c a t i o n s .  The silver-cadmium b a t t e r y  has an advantage over o t h e r  
b a t t e r i e s  used i n  s i m i l a r  app l i ca t ions  i n  i t s  a b i l i t y  t o  d e l i v e r  h ighe r  
c a p a c i t i e s  per  u n i t  of weight.  It has good cyc le  l i f e  c a p a b i l i t i e s  
under moderate condi t ions  of u s e ,  It can opera te  i n  t h e  sea led  cond i t i on  
and can be cons t ruc ted  from non-magnetic m a t e r i a l s ,  a  p r e r e q u i s i t e  f o r  
many space programs. 
The two main disadvantages of t h e  silver-cadmium system have t o  do 
wi th  the  negat ive  e l e c t r o d e ,  The f i r s t  has t o  do wi th  t h e  manufacturing 
q u a l i t y  and r e l i a b i l i t y ,  which cannot always be obtained from non-uniformly 
vendor produced cadmium oxide (CdO). The l a t t e r  leads  t o  nega t ive  l i m i t i n g  
c e l l s  which reduce t h e  c e l l ' s  c a p a c i t y  a f t e r  a  number of c y c l e s ,  I n  
add i t i on  t o  reducing t h e  capac i ty ,  t h i s  fad ing  phenomenon o f t e n  c o n t r i b u t e s  
t o  c a t a s t r o p h i c  b a t t e r y  f a i l u r e  due to- hydrogen evolu t ion  i n  t he  nega t ive  
l i m i t i n g  c e l l s .  
The o b j e c t i v e s  of t h i s  program were t h e  development of a  s t a b l e  
cadmium e l e c t r o d e  wi th  t h e  fol lowing p r o p e r t i e s :  
1. Produced from non-magnetic m a t e r i a l s  
2. To have s t a b l e  capac i ty  f e a t u r e s ,  wi th  l i t t l e  fad ing  beyond t h e  
i n i t i a l  d rop-of f ,  
3 .  To be capable of being reproduced wi th  manufacturing techniques.  
These e l e c t r o d e s ,  once developed, w i l l  be used i n  t h e  c o n s t r u c t i o n  of 
non-magnetic silver-cadmium c e l l s  f o r  aerospace app l i ca t ions .  
P r i o r  t o  t h e  s t a r t  of t h i s  program, cadmi.~m e l ec t rodes  e x i s t e d .  The 
s t a t e - o f - t h e - a r t  of such e l ec t rodes  i n  t h e  b a t t e r y  indus t ry  can be  sum- 
marized as  follows: 
Pocket and Tubular Elec t rodes  - The e a r l i e s t  cadmium e l e c t r o d e s ,  
developed by Junger ,  were e l ec t rodepos i t ed .  Af t e r  Edison en tered  the  
s to rage  b a t t e r y  f i e l d ,  he invented t h e  tubu la r  e l ec t rode .  The pocket 
e l ec t rode  and t h e  tubular  e l ec t rodes  both u t i l i z e  i r o n  o r  s t e e l  t o  con- 
t a i n  t h e  a c t i v e  m a t e r i a l .  These e l ec t rodes  a r e ,  of course,  magnetic,  
S in t e red  Elec t rodes  - The s i n t e r e d  p l a t e  nickel-cadmium c e l l  u t i l i z e s  
t h i s  kind of e l ec t rode .  Nickel powder i s  s i n t e r e d  onto a  g r i d ,  The n i c k e l  
s i n t e r  ranges from 70% t o  80% porous, Cadmium s a l t s  a r e  impregnated i n t o  
t h e  pores of t he  s i n t e r  and converted t o  Zd(OHj2, These e l ec t rodes  a r e  
capable o f  high r a t e  d ischarge ,  bu t  a r e  magnetic because of t h e  n i c k e l ,  
and have a low ampere-hour per  u n i t  volume because 50% o f  t he  e l e c t r o d e  
i s  i n a c t i v e  s i n t e r .  
Pasted Elec t rodes  - This  e l e c t r o d e  i s  manufactured by p a s t i n g  a  s l u r r y ,  
c o n s i s t i n g  of cadmium oxide o r  hydroxide, s i l v e r  and b inders  onto a con- 
duc t ive  s u b s t r a t e  with subsequent press ing  t o  t h e  des i r ed  th ickness  and 
d e n s i t y ,  The u t i l i z a t i o n  of such e l ec t rodes  i s  f a i r l y  low compared t o  t he  
s i n t e r s ,  bu t  t h e  t h e o r e t i c a l  capac i ty  per  u n i t  volume i s  s u f f i c i e n t l y  g r e a t  
t o  compensate f o r  t h e  low u t i l i z a t i o n .  However, t hese  e l ec t rodes  e x h i b i t  
t h e  e f f e c t s  of severe  capac i ty  fad ing  a s  cyc l e  l i f e  progresses .  
Pressed Elec t rodes  - The pressed e l ec t rode  i s  produced by d r y  p re s s ing  
a  mixture of cadmium oxide o r  hydroxide, s i l v e r  and b inders  onto  a  con- 
duc t ive  s u b s t r a t e .  
A t  t h e  s t a r t  of t he  c o n t r a c t ,  t he  s tandard  Gulton non-magnetic e l ec -  
t r o d e  was of t h e  pressed type. The a c t i v e  m a t e r i a l  was a  mixture  of 
CdO and Cd(OH)2 i n  t h e  r a t i o  of 3:l with  5% s i l v e r  powder. The Cd(OH)2 
a c t s  a s  an a c t i v e  binder  which e l imina te s  t h e  need f o r  i n a c t i v e  organic  
b inde r s .  The u t i l i z a t i o n  of t h e o r e t i c a l  capac i ty  i s  i n i t i a l l y  t h e  same 
as  t h e  pasted e l e c t r o d e .  I t s  green s t r e n g t h  i s  b e t t e r  than  t h e  pasted 
e l e c t r o d e  and it fades much l e s s  on cyc l ing .  
To achieve a  s t a b l e  non-magnetic e l e c t r o d e ,  we i n v e s t i g a t e d  s tandard 
types of pressed  e l e c t r o d e s ,  pas ted  e l e c t r o d e s ,  and e l ec t rodes  i n  which 
t h e  cadmium hydroxide i s  impregnated i n t o  a  porous s i n t e r e d  s i l v e r  body, 
and pressed e l e c t r o d e s  wi th  a  Tef lon  inorganic  b inder .  
I L L ,  
A .  PRELIMINARY EVALUATION 
The pre l iminary  eva lua t ion  cons is ted  of f a b r i c a t i n g  s e t s  of e l e c t r o d e s  
by four  (4) d i f f e r e n t  techniques and determining t h e  capac i ty  u t i l i z a t i o n  
and degrada t ion  a s  a  func t ion  of f i v e  "C" r a t e  charge and d ischarge  c y c l e s .  
1. Pasted Elec t rodes  
a.  Fab r i ca t ion  and Tes t ing  
Three s e t s  of p a s t e  e l ec t rodes  each of t h e  A [3~d0:Cd(OH)~],  
B [ c ~ o : c ~ ( o H ) ~ ] ,  and C CdO: 3Cd(OH) were f a b r i c a t e d  t 
from water  s l u r r i e s  of t h e  above were pasted 
onto s i l v e r  s u b s t r a t e s  and then pressed a t  1.8 t ons / sq .  i n .  They 
were then d r i e d  and weighed t o  ob ta in  t h e i r  t h e o r e t i c a l  c a p a c i t i e s .  
Upon dry ing ,  t h e  B and C p l a t e s  appeared t o  be almost completely 
converted t o  Cd(OH)2, s i n c e  they  had become almost completely whi te  
i n  c o l o r ,  while  t h e  A p l a t e s  became very  l i g h t  i n  co lo r .  
X-ray d i f f r a c t i o n  ana lys i s  confirmed t h e  f a c t  t h a t  t h e  c o l o r  
changes were due t o  t h e  hydro lys is  of t h e  CdO t o  Cd(OH)2. The r a t e  
of t h i s  hydro lys is  was found t o  be dependent upon t h e  amount of 
hydroxide p re sen t  i n  t h e  o r i g i n a l  p a s t e  mixture and could be 
acce l e ra t ed  by add i t i ons  of KOH. This  causes some problem i n  
a s c e r t a i n i n g  t h e  t h e o r e t i c a l  c a p a c i t i e s ,  s i n c e  the  hydro lys is  
r eac t ions  make it d i f f i c u l t  t o  determine the  a c t u a l  r a t i o  of 
CdO:Cd(OH)2. Theore t i ca l  capac i ty  was then  ca l cu la t ed  a s  i f  t h e  
a c t i v e  m a t e r i a l s  were a l l  Cd(OH)2. 
The e l ec t rodes  were given a  formation cyc le  of 200 mA charge 
f o r  34 hours ,  followed by a  400 mA discharge  t o  0.0 v o l t s  a g a i n s t  
a  charged NiOx re fe rence .  They were then  put  through f i v e  C / 1  
r a t e  charge ld ischarge  cyc les  t o  determine Cd u t i l i z a t i o n .  
Tables I and I1 show t h e  formation cyc le  d a t a  and C r a t e  u t i l i z a -  
t i o n  d a t a  r e s p e c t i v e l y .  
TABLE I. - ) 
I ELECTRODE I CAPACITY THEORETICAL CAP. I PERCENT OF 
TABLE 11. - 
b. Shedding Tes t  
Shedding t e s t s  were performed by p l ac ing  an e l e c t r o d e  between 
two porous p l a t e s  i n  a  beaker of KOH and cyc l ing  f i v e  t imes a t  t h e  
~ / 1  r a t e .  Af t e r  cyc l ing  t h e  e l e c t r o l y t e  was f i l t e r e d  and t h e  
r e s i d u e  d r i e d  and weighed. Table 111 gives  t he  r e s u l t s  f o r  t h e  
pas ted  e l e c t r o d e s .  
TABLE III. - SHEDDING TEST DATA (Pasted Elec t rodes)  
The pas ted  e l ec t rodes  which were t e s t e d  up t o  t h i s  p o i n t  d i d  n o t  
seem t o  hold  much promise. The i r  f a b r i c a t i o n  could not  be c l o s e l y  
c o n t r o l l e d ,  t h e i r  green s t r e n g t h  was poor ,  and they  exh ib i t ed  low 
capac i ty  u t i l i z a t i o n .  The l o s s  of m a t e r i a l s  due t o  shedding made 
any f u t u r e  t e s t i n g  needs unnecessary. 
2 .  Pressed Elec t rodes  
a. F a b r i c a t i o n  & Tes t ing  
S i x  pressed  powder e l e c t r o d e s  were fabricated-- two each of t h e  
formulat ions 3Cd0 : Cd(OH)2 (A t y p e ) ;  CdO:Cd(OH)2 (B type); and 
CdO: 3Cd(OH)2 (C type ) .  Each e l e c t r o d e  had 5% Ag powder a s  a  
conduct ive d i l u e n t .  
The e l e c t r o d e s  were pressed a t  7 t ons / in2 .  
The formation procedure cons i s t ed  of a  200 mA charge (w ~110) 
f o r  34 hours and a 400 bnA discharge  t o  0 - 0  v o l t s ,  u s ing  a NiOx 
r e f e rence  e l e c t r o d e ,  The r e s u l t s  a r e  shown i n  Table I V .  
TABLE I V .  - 1 
Af te r  formation,  t h e  t h r e e  types  of e l e c t r o d e s  were given 
f i v e  C-ra te  c y c l e s ;  i . e . ,  a  C r a t e  charge f o r  70 minutes and a  
C-ra te  d i scharge  t o  0 .0  V a g a i n s t  t h e  NiOx r e f e r e n c e  e l e c t r o d e .  
These r e s u l t s  a r e  shown i n  Table  V.  
TABLE V.  - C-RATE UTILIZATION (Pressed Elec t rodes)  
On t h e  b a s i s  of t h e s e  r e s u l t s ,  t h e  "C" type  [ C ~ O  : 3Cd(OH)2] 
e l e c t r o d e s  were chosen f o r  f u r t h e r  s tudy .  These e l e c t r o d e s  were 
s t a b l e  over t h e  5 cyc l e  t e s t  a t  t h e  ~ / 1  r a t e  and y ie lded  about 
b. Shedding T e s t  
The shedding t e s t s  were performed a s  p rev ious ly  descr ibed .  
Table  V I  i n d i c a t e s  t h e  r e s u l t s  o f  t h e s e  t e s t s .  
TABLE V I  . - 
Compared w i t h  t h e  p a s t e d  e l e c t r o d e s ,  t h e  shedd ing  l o s s e s  were  
minimal,  
c .  Addi t iona l  Eva lua t ion  
Since t h e  pre l iminary  i n v e s t i g a t i o n s  i nd i ca t ed  promising r e s u l t s ,  
f u r t h e r  eva lua t ions  were c a r r i e d  o u t ,  
U t i l i z a t i o n  A s  A func t ion  of P re s su re  
Three s e t s  of two e l e c t r o d e s  were f a b r i c a t e d .  Each s e t  
was pressed a t  a  d i f f e r e n t  p r e s su re .  The e l ec t rodes  were 
then  given a  formation cyc l e ,  a f t e r  which t h e  ~ / 1  r a t e  Cd u t i l -  
i z a t i o n  t e s t s  were run. Tables V I L  and V I I I  g ive  t h e  formation 
c y c l e  d a t a  and Cd u t i l i z a t i o n  d a t a ,  r e s p e c t i v e l y .  
TABLE V I I .  - FORMATION CYCLE DATA (Pressed P l a t e s )  
TABLE V I I I .  - Cd UTILIZATION DATA (Pressed P l a t e s  
f  ( Pres su re  ) 
The r e s u l t s  of t he se  t e s t s  i n d i c a t e  t h a t  t h e  u l t i m a t e  u t i l -  
i z a t i o n  of t h e  e l e c t r o d e  i s  no t  s i g n i f i c a n t l y  a f f e c t e d  by 
any of  t h e  e l e c t r o d e  f a b r i c a t i o n  p re s su re s  used.  
Pressed powder e l ec t rodes  were made wi th  vary ing  q u a n t i t i e s  
o f  s i l v e r  powder, The s i l v e r  powder a c t s  as  a  conductive d i l u e n t  
and a l so  a i d s  irz oxygen recombinatiorn, Three sees  of t h r ee  i f C ' i  
e l e c t r o d e s  each were made, having 5 , 0 ,  7 , 5 ,  and 10,0% s i l v e r  
powder r e s p e c t i v e l y  (Bandy Sc Harmon Silpowder 150) ,  The "C" type  
e l e c t r o d e s  have CdO and Gd(OHj2 i n  t he  r a t i o  of l : 3 ,  
The e l ec t rodes  were given t h e  normal formation' c y c l e  and 
then t h e  Cd u t i l i z a t i o n  t e s t s  were run a t  t h e  C / l  r a t e ,  
Tables I X  and X g ive  the  formation cyc le  and Cd u t i l i z a t i o n  
d a t a  r e spec t ive ly .  
TABLE I X .  - FORMATION CYCLE DATA (% Ag Powder) 
TABLE X - Cd UTILIZATION DATA (Ag Powder) 
These r e s u l t s  i n d i c a t e  t h a t  t h e  u t i l i z a t i o n  i s  no t  dependent on 
t h e  amount of s i l v e r  powder used as  t h e  conductive d i l u e n t  i n  
t h i s  experiment. Indeed, i t  may be poss ib l e  t o  e l imina te  t h e  
s i l v e r  i n  c e l l s  where oxygen recombination i s  no t  a  f a c t o r  
(vented c e l l s ) .  
I n  an at tempt  t o  i nc rease  t h e  u t i l i z a t i o n  of t h e  pressed  
e l ec t rodes  i n  excess  of t h e  40% a t  the  c/I discharge  r a t e ,  an 
at tempt  was made t o  i nc rease  po ros i ty .  I n  order  t o  i nc rease  
t h e  po ros i ty  of t h e  pressed e l e c t r o d e s ,  var ious percentages of 
c r y s t a l l i n e  KOH were added t o  t h e  e l e c t r o d e  formulat ions.  
Three groups c o n s i s t i n g  of t h r e e  e l e c t r o d e s  p e r  group 
were f ab r i ca t ed  u s i n g  t h e  r a t i o  of GdO: 3Cd(OH)2, The f i r s t  
group of  t h r e e  contained 5% c r y s t a l l i n e  KOB; t he  second 
group 10%; and t h e  t h i r d  group 15%. The e l e c t r o d e s  a l s o  
contained 10% s i l v e r  powder, 
The e l e c t r o d e s  were formed by charging a t  200 mA f o r  
34 hours and d ischarg ing  a t  500 mA t o  0 .0  V versus a n i c k e l  
oxide r e fe rence  e l e c t r o d e .  The formation d a t a  a r e  shown 
i n  Table X I .  
TABLE X I .  - ELECTRODE COMPOSITION, THEORETICAL CAPACITY 
& FORMATION CAPACITY 
A f t e r  t h e  formation cyc le ,  t h e  e l e c t r o d e s  were given 
f i v e  ~ / 1  r a t e  cyc l e s ;  i . e . ,  a 2 . 3  A charge f o r  70 minutes 
and a 2.3 A discharge  t o  0.0 V ,  versus a n i c k e l  ox ide  
r e fe rence  e l ec t rode .  These d a t a  a r e  shown i n  Table X I I .  
TABLE X I I .  - CYCLING DATA 
C RATE 
The d a t a  shows a  f i r s t  cyc le  u t i l i z a t i o n  of from 4 t o  7% 
g r e a t e r  (except f o r  two e l ec t rodes )  than  the  same e l ec t rodes  
without  KOH. However. by the  t h i r d  c y c l e .  the  u t i l i z a t i o n  
has dropped t o  t he  l e v e l  of the  pressed p l a t e  without KOH. 
I n  a d d i t i o n ,  a phys ica l  examination showed t h a t  t he  e l e c t r o d e  
m a t e r i a l  had poor adhesion t o  the  s u b s t r a t e .  
No f u r t h e r  u se  was made of t he  s o l u b l e  f u g i t i v e  method f o r  
i nc reas ing  e l ec t rode  po ros i ty .  
3. Cd(OH)2 Impregnated S in tered  S i l v e r  Elec t rodes  
a .  Fab r i ca t ion  of Porous S i n t e r s  
The u s e  of s i n t e r i n g  was employed us ing  s i l v e r  powder t o  pro- 
duce a  non-magnetic porous c a r r i e r  which could be impregnated wi th  
cadmium s a l t s .  
S i l v e r  powder was compacted i n  a  mold wi th  an expanded s i l v e r  
s u b s t r a t e  i n  t h e  c e n t e r  and heated t o  a  po in t  of agglomeration of 
s i l v e r  p a r t i c l e s .  Con t ro l l i ng  po ros i ty  l e v e l s  was considered a  
major s t e p  i n  t h i s  development. 
I n i t i a l  t e s t s  cons is ted  of compacting a  s i l v e r  powder i n  a  mold 
t o  a  d e n s i t y  of 4 .0 t o  5.0 gm/cc, then s i n t e r i n g  a t  1 2 0 0 ' ~  i n  a  
continuous feed s i n t e r i n g  furnace.  The r e s u l t a n t  s i n t e r s  were 
found t o  be  too  dense f o r  u se  a s  c a r r i e r s .  
The l e v e l  of p o r o s i t y  of t he  s i n t e r  was determined by s a t u r a t i n g  
t h e  s i n t e r  with to luene .  Toluene was used because of i t s  moderate 
b o i l i n g  p o i n t ,  low s u r f a c e  t ens ion  and low v i s c o s i t y .  These pro- 
p e r t i e s  permit r ap id  pene t r a t ion  i n t o  smal l  pores  and a  ?low r a t e  of 
evaporat ion.  
Subsequent a t tempts  were made us ing  organic  extenders  mixed i n  
wi th  t h e  s i l v e r  powder. A composition of 25 t o  30% p a r a f f i n  wax 
wi th  s i l v e r  powder, when s i n t e r e d ,  produced c o n s i s t e n t  and continuous. 
e l ec t rodes  with p o r o s i t i e s  ranging between 68 and 74%. The wax was 
pyrolyzed during s  i n t e r i n g  . 
b.  Impregnation 
S in t e red  s i l v e r  plaques of t he  d e s i r e d  p o r o s i t y  were prepared 
by f i r i n g  a  mixture of s i l v e r  and wax a t  t h e  s i n t e r i n g  temperature 
of s i l v e r .  The py ro lys i s  of t h e  wax l e f t  t h e  des i r ed  po ros i ty .  
The s i n t e r e d  plaques were vacuum impregnated with Cd(N03j2 
s o l u t i o n  and converted with cold KOH t o  t he  hydroxide. The amount 
of Cd(OK)2 pickup ranged from 2 , 8  g ( 1  ampere-hour) t o  3.5 g 
(m l , 2 5  Ah) ,  Nine such e l ec t rodes  were prepared and t e s t e d ,  
The n ine  e l ec t rodes  were formed by charging a t  150 mA f o r  
24 hours and subsequent d i scharg ing  a t  500 mA. The formation 
c a p a c i t i e s  a r e  shown i n  Table X E I E .  
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A f t e r  formation,  t h e  e l e c t r o d e s  were cycled a t  t h e  ~ / 1  r a t e  
t o  an end of d i scharge  vo l t age  of 0.0 V versus  a  NiOx r e fe rence  
e l e c t r o d e .  These d a t a  a r e  shown i n  Table X I V .  
TABLE X I V .  - CYCLING DATA - ~ / 1  RATE 
As evidenced by Table X I V ,  t h e  u t i l i z a t i o n  of t h e  impregnated 
s i n t e r e d  s i l v e r  e l e c t r o d e  i s  g r e a t e r  than t h a t  of t h e  pressed  
e l e c t r o d e s .  Because of t h e  weight and volume of t he  s i l v e r  
s i n t e r ,  t h e  capac i ty  per  u n i t  weight and volume i s  l e s s  than  f o r  
t h e  pressed  p l a t e s .  However, t h e s e  e l ec t rodes  were s t i l l  of 
s u f f i c i e n t  i n t e r e s t  t o  c a r r y  them i n t o  t h e  next  phase of t h e  
eva lua t ion .  
4 .  Development of Teflonated Cd(OH)2 Elec t rodes  
Or ig ina l  experimentat ion of pressed e l ec t rodes  ind ica t ed  t h a t  pure 
CdO would n o t  adhere t o  a  s u b s t r a t e .  It was, a t  t h a t  t ime,  t h a t  Cd(OH)2 
was admixed wi th  t h e  CdO as an a c t i v e  b inde r ,  As use  of Tef lon  i n  
f a b r i c a t i o n  of z inc  oxide e l ec t rodes  was succes s fu l  i n  t h i s  l abo ra to ry ,  
i t  was decided t o  i n v e s t i g a t e  t h i s  method wi th  the  non-magnetic cadmium 
electrode, 
a .  Method of Fab r i ca t ion  
The r e q u i s i t e  amount of Cd(OH)* was weighed o u t ,  t o  which was 
added s i l v e r  powder t o  t h e  ex t en t  of 5% by weight.  To the Cd(OH)2, 
Ag powder was added, 5% by weight of Dupont P-30 Teflon emulsion 
(60.7% s o l i d s ) ,  The mix was formed i n t o  a  pas t e  by adding d i s t i l l e d  
water .  The pas t e  was thoroughly mixed and then d r i e d  a t  70°C. 
Af t e r  dry ing ,  t h e  mix was cured a t  2 7 5 " ~  f o r  20 minutes.  Af te r  
cur ing ,  t h e  mix was s ieved  through a  40 mesh screen  and then  pressed  
i n t o  e l ec t rodes .  
b .  Tes t ing  
(1) 5% Ag - 5% Tef lon  
Three e l ec t rodes  were f a b r i c a t e d ;  each had a  t h e o r e t i c a l  
capac i ty  of 2.26 Ah. Formation cons i s t ed  of a  12/10 charge f o r  
24 hours and a  500 mA discharge.  These r e s u l t s  a r e  shown i n  
Table XV. Af te r  formation, t he  c e l l s  were subjec ted  t o  f i v e  
~ / 1  r a t e  cyc l e s ;  i . e . ,  a  ~ / 1  r a t e  charge f o r  70 minutes and a  
C r a t e  discharge.  These r e s u l t s  a r e  shown i n  Table XVI. 
TABLE XV. - FORMATION CYCLE 
TABLE X V I .  - c / I  RATE CYCLING 
Af te r  t h e  high r a t e  cyc les  were complete, two a d d i t i o n a l  low 
r a t e  d ischarge  cyc les  were performed. I n  each case ,  t h e  d ischarge  
r a t e  was 500 mA; however, t h e  charge r a t e  d i f f e r e d ,  In  the  f i r s t  
case  i t  was 6/10 f o r  24 hours and i n  t he  second i t  was 6 / l  f o r  
70 minutes ,  These r e s u l t s  are  shown in. Ta,hLe X V I E ,  
TABLE X V I L ,  - 
These r e s u l t s  c l e a r l y  i nd ica t ed  t h a t  t h e  t e f l o n a t e d  Cd(OH)2 
e l ec t rodes  were f a r  supe r io r  t o  any o t h e r  e l ec t rodes  prepared under 
t h i s  program. I n  f a c t ,  u t i l i z a t i o n  d a t a  as  determined by t h e  pre-  
l iminary  t e s t i n g  ind ica t ed  t h a t  t h e i r  u t i l i z a t i o n  i s  on a  pa r  wi th  
Cd(OH)2 impregnated n i c k e l  s i n t e r  e l e c t r o d e s  a s  used i n  he rme t i ca l ly  
s ea l ed  nickel-cadmium c e l l s .  Because of t h i s ,  t h e i r  ampere-hour 
capac i ty  per  u n i t  weight and volume exceed t h a t  of t h e  n i c k e l  s i n t e r  
e l ec t rodes .  
A t y p i c a l  d i scharge  a t  t he  2  hour r a t e  i s  shown i n  F igure  1. 
Because of t h e  h i g h l y  promising r e s u l t s  obtained so  f a r ,  f u r t h e r  
experimentat ion was i n i t i a t e d  t o  determine t h e  e f f e c t s  of varying 
t h e  s i l v e r  and Tef lon  b inder  con ten t s .  
(2)  10% Ag - 5% Tef lon  
Four e l ec t rodes  were f a b r i c a t e d ,  each wi th  a  t h e o r e t i c a l  c a p a c i t y  
of 2.12 Ah. Formation cons is ted  of a  C/10 charge f o r  24 hours  and 
' a  500 mA discharge .  These r e s u l t s  a r e  shown i n  Table X V I I I .  A f t e r  
i . e . ,  a  
e  r e s u l t s  
a r e  shown i n  Table XPX. 
TABLE X V I I I .  - FORMATION CYCLE 
TABLE X I X .  - C U T E  CYCLING 

The r e s u l t s  i n d i c a t e  t h a t  i n i t i a l l y  t h e  CIl r a t e  u t i l i z a t i o n  
i s  h igher  with 10% s i l v e r  than with 5%; t h e  u l t i m a t e  u t i l i z a t i o n  
i s  about t h e  same, Therefore ,  t h e  5% Ag would be p r e f e r r e d ,  
s i n c e ,  f o r  t h e  same weight and u t i l i z a t i o n ,  t he  e l e c t r o d e ' s  
capac i ty  i s  g r e a t e r  and t h e r e  appears t o  be l e s s  t rend  f o r  the 
capac i ty  t o  decrease  over t h e  5 cycles  a t  t h e  ~ / 1  r a t e  a f t e r  
formation. 
(3)  15% Ag - 5% Tef lon  
Three e l ec t rodes  were f a b r i c a t e d ;  each had a  t h e o r e t i c a l  
capac i ty  of 2.01 Ah. Formation cons i s t ed  of a  ~ / 1 0  charge f o r  
24 hours and a 500 rnA discharge .  These r e s u l t s  a r e  shown i n  
Table XX. Af te r  formation,  t he  c e l l s  were subjec ted  t o  f i v e  
C r a t e  cyc l e s ;  i . e . ,  a  C r a t e  charge f o r  70 minutes and a  C r a t e  
d i scharge .  These r e s u l t s  a r e  shown i n  Table XXI .  
TABLE XX. - FORMATION CYCLE 
TABLE XXI.  - C RATE CYCLING 
The r e s u l t s  mi r ro r  those  of e l ec t rodes  wi th  10% s i l v e r ,  i n  
t h a t  t h e  e x t r a  s i l v e r  powder over 5% does no t  achieve anything 
except  lower capac i ty  and higher  cos t .  
A mixture of Cd(0H) , 5% Ag and 2-112% Tef lon  was prepared,  
This  mix ture  was not  adgerent  t o  t he  s u b s t r a t e  a t  normal fab- 
r i c a t i n g  p re s su res .  
The r e s t i l t s  of t h e  preceding experiments indiicated t h a t  t he  
most favorable  composition, from a  c o s t  and performance viewpoint,  
was the  5% s i l v e r ,  5% Teflon emulsion combination, 
On t h e  b a s i s  of t h e  d a t a  obtained i n  t h e  pre l iminary  eva lua t ion  
phase of t h e  wo , t h r e e  types of e l e c t r o d e s ,  t he  s tandard  pressed  
[3~d0 : l C d ( 0 H ) ~  , t h e  Cd(OH)2 impregnated s i l v e r  s i n t e r s ,  and t h e  
t e f l o n a t e d  Cd(OH)2 were chosen f o r  t h e  next  l e v e l  of experimentat ion 
which cons i s t ed  of f a b r i c a t i n g  and cyc l ing  nega t ive  l imi t ed  n i cke l -  
cadmium c e l l s .  
B. EVALUATION OF NEGATIVE ELECTRODE MATERIALS I N  NICKEL-CADMIUM CELLS 
1. C e l l  F a b r i c a t i o n  
I n  t h i s  phase of t h e  program, t e n  c e l l s  of each of t he  cadmium e l e c t r o d e  
types which appeared t o  be t h e  most promising, from t h e  pre l iminary  
eva lua t ion ,  were f a b r i c a t e d  i n t o  negat ive  l i m i t e d  nickel-cadmium c e l l s .  
The e l e c t r o d e  types chosen were: 
a .  Teflonated Cd(OH)2 
b. Cd(OH)2 impregnated s i l v e r  s i n t e r s  
c .  The mixture 3Cd(OH)2 : lCdO 
d. The mixture  lCd(OH)2 : 3Cd0 - The Gulton "Standard" Elec t rode  
2. C e l l  Tes t ing  
The c e l l s  were placed on a  cyc l ing  regime wi th  a  90 minute o r b i t  f o r  
200 cyc le s  o r  u n t i l  f a i l u r e .  
F ive  c e l l s  of each type  were cycled a t  50% depth-of-discharge and 
t h e  remaining f i v e  were cycled a t  75% depth-of-discharge.  
a.  Formation Procedure 
The formation procedure cons is ted  of a  ~ / 1 0  cha+ge f o r  24 hours  
and a  ~ / 2  d ischarge  t o  0.9 V per  c e l l .  
(1 )  C e l l s  With Teflonated Cd(OH)2 Elec t rodes  
The t e n  c e l l s  f a b r i c a t e d  ( Nos. 1-10) were of VO-6 s i z e  
( s tandard  Gulton nickel-cadmium sea led  c e l l ) ,  approximately 
2" x  2" e l e c t r o d e  s i z e .  Each p o s i t i v e  was 0.030" t h i c k  and 
each negat ive  was 0.050" t h i c k .  
The t h e o r e t i c a l  nega t ive  capac i ty  was ca l cu la t ed  a t  4 . 5  Ah. 
Ten c e l l s  (Nos. 11-20) were f a b r i c a t e d  us ing  Cd(OH)2 impreg- 
nated s i n t e r e d  s i l v e r  e l ec t rodes  wi th  an e l e c t r o d e  s i z e  of 
1-3/16'" 2" and a  t h e o r e t i c a l  capac i ty  of 3 Ah, The p o s i t i v e  
e l ec t rodes  were t h e  same s i n t e r e d  n i c k e l ,  VO-6 s i z e  (2'" x2'"), 
The t e n  c e l l s  (Nos. 21-30) were f a b r i c a t e d  us ing  e l ec t rodes  
of t h e  formulat ion ~ c ~ ( O H ) ~ / C ~ O .  The e l ec t rodes  were of VO-6 
- 16- 
s i z e ,  approximately 2" x 2", The p o s i t i v e  e l ec t rodes  were 
s tandard  s i n t e r e d  n i c k e l  oxide e l e c t r o d e s .  Each p o s i t i v e  was 
0,030" t h i c k  and each nega t ive  was 0,040'' t h i c k ,  The t h e o r e t i c a l  
capac i ty  of t h e  negat ive  e l ec t rodes  was ca l cu la t ed  a t  5 , 4  Ah, 
( 4 )  Cel l s  With Pressed Elec t rodes  of Composition Cd(OB)2: 3Cd0 
The t e n  c e l l s  (Nos, 31-40) were f a b r i c a t e d  us ing  s tandard  
Gulton pressed  cadmium e l ec t rodes  L c ~ ( o H ) ~  :3~d0] .  The e l e c t r o d e  s i z e s  and 
th ickness  were t h e  same a s  c e l l s  21-30. Theore t i ca l  c a p a c i t y  of 
t h e  nega t ive  e l e c t r o d e s  was 5 .7  Ah. 
The average formation capac i ty  f o r  each group of c e l l s  i s  
given i n  Table X X I I .  
TABLE X X I I  - AVERAGE FORMATION CAPACITIES 
The formation d a t a  show t h a t  t h e  u t i l i z a t i o n  of t h e  t e f -  
lona ted  Cd(OH)2 e l ec t rodes  is  twice a s  high as  t h a t  of t h e  
"s tandard".  [3cd0 : c ~ ( o H ) ~ ~  e l e c t r o d e  and a t  l e a s t  50% b e t t e r  
t han  any of t h e  o t h e r  e l e c t r o d e  types t e s t e d .  
The cyc l ing  o r b i t  used was of 90 minute du ra t ion ,  30 minutes 
of d i scharge  followed by 60 minutes of charge.  
Each group of t e n  c e l l s  was d iv ided  i n t o  two sub-groups of  f i v e  
c e l l s  each. The f i r s t  group was cycled a t  50% depth of d i scharge  
( ~ 1 1  d ischarge ,  115% r e i n s e r t i o n  on charge)  whi le  t h e  second group 
was cycled a t  75% depth of d i scharge  (1 ,5  C d i scharge ,  115% r e i n s e r t i o n  
on charge) .  The d ischarge  r a t e s  were determined from t h e  formation 
c a p a c i t i e s .  
The charge and d ischarge  r a t e s  used f o r  each type  of c e l l  a r e  
shown i n  Table XXIII. 

After  removal from cyc l ing ,  t he  c e l l s  were subjec ted  t o  a  ""C" 
r a t e  charge and d ischarge  cyc l e ,  This d a t a  i s  shown i n  Table XXV, 
TABLE XXV. - POST CYCLING CAPACITY DETERMINATION 
~ / 1  Charge f o r  70 Minutes 
~ / 1  Discharge t o  0.6 V 
The pos t  cyc l ing  capac i ty  d a t a  i nd ica t ed  t h a t  both t h e  t e f l o n a t e d  
Cd(OH)2 and Cd(OH)2 impregnated s i n t e r e d  s i l v e r  e l ec t rodes  were 
supe r io r  t o  e i t h e r  of t h e  two v a r i e t i e s  of pressed e l ec t rodes .  
d.  Phys ica l  In spec t ion  of  Elec t rodes  
A l l  c e l l s  (numbers 1-40) were disassembled and t h e  nega t ive  e l ec -  
t rodes  examined. 
The t e f l o n a t e d  Cd(0H) e l ec t rodes  (Ce l l s  1-10) showed no s i g n s  2  
of phys i ca l  damage and were q u i t e  f l e x i b l e .  The Cd(OH), impreg- 
s eve re  damage i n  t h a t  most of t h e  a c t i v e  m a t e r i a l  (70-80%) had 
f a l l e n  away from t h e  s u b s t r a t e .  The s tandard  Gulton e l ec t rodes  
(Cel l s  31-40) showed minor phys i ca l  damage--a small  amount of 
shedding. 
The t e s t i n g  of e1ec:rodes f o r  silver-cadmium c e l l s  was narrowed 
down t o  t h e  fol lowing cadmium e l e c t r o d e  types :  
1 )  The t e f l o n a t e d  Cd(OH)2 e l ec t rode .  
2) The Cd(OH)2 impregnated s i l v e r  s i n t e r .  
3 )  The s tandard  Gulton cadmium e l e c t r o d e  as  a  con t ro l .  
C .  CHARACTERIZATION OF CELL HARDWARE Er ELECTRODE MATERIALS 
Since t h e  u l t i m a t e  silver-cadmium c e l l s  a r e  t o  be used i n  an aero-  
space a p p l i c a t i o n  where the  absence of  magnetism i s  a  prime cons ide ra t ion ,  
no t  only must t h e  e l ec t rodes  be non-magnetic, bu t  t he  assembly hardware 
must a l s o  be non-magnetic, The magnetic t e s t i n g  was performed a t  Goddard 
Space P l i g h t  Center under t h e  d i r e c t i o n  of M r .  T. Hennigan, and under 
t he  cognizance of the  NASA Pro jec t  Manager and e u l t o n  S t a f f ,  
Table  W I  l i s t s  t h e  c e l l  hardware and t h e  r e s u l t s  o f  t h e  t e s t i n g ,  
A l l  t h e  f a i l e d  p a r t s  were r e p l a c e d  by p a r t s  made o f  be ry l l ium-copper ,  
TABLE XXVE, - RESULTS OF MAGNETIC TESTING 
Champer Washers 
Lock Washers 
(1) SS = S t a i n l e s s  S t e  
(2) Be-Cu = Beryllium-Copper 
( 3 )  A 5 Ah s i lver-cadmium c e l l  c o n s t r u c t e d  w i t h  Be-Cu and demagni t ized p a r t s  
was d e l i v e r e d  t o  Goddard Space F l i g h t  Cen te r  f o r  magnet ic  t e s t i n g .  The 
c e l l  s a t i s f a c t o r i l y  passed  t h e  s p e c i f i e d  requ i rements .  
The Cd(OH)2 used i n  t h e  p r e s s e d  Cd(881)2 e l e c t r o d e s  i s  p repared  i n  
t h e  fo l lowing  manner. B a t t e r y  g rade  Cd(NO3I2 i s  r e a c t e d  w i t h  KOH t o  
form Cd(OH)2. The p r e c i p i t a t e d  p roduc t  i s  washed w i t h  d i s t i l l e d  w a t e r  
u n t i l  n e u t r a l ,  d r i e d  a t  70°c and ground. To de te rmine  t h e  p u r i t y  o f  
t h e  Cd(OH)2, an  a n a l y s i s  was c a r r i e d  o u t .  The p rocedure  i s  a s  f o l l o w s :  
A weighed amount o f  Cd(OH)2 i s  d i s s o l v e d  i n  d i l u t e  HN03, The Cd(OH)2 
i s  r e p r e c i p i t a t e d  w i t h  5% KOH. S o l i d  KCN i s  added u n t i l  t h e  p r e c i p i t a t e  
r e d i s s o l v e s .  The cadmium i s  then  determined by e l e c t r o p l a t i n g  o n t o  a  
p la t inum c a t h o d e ,  Tab le  XXVTE shows t h e  r e s u l t s ,  
TABLE XXVTE, - RESULTS OF Cd(OEI)2 ANALYSIS 
Molecular Weight, Gd(OK)2 - 146,40 
Molecular Weight, Cd - 112.40 
% Cd i n  Cd(OH)2 - 76.78 
W t .  sample taken - 0.5412 g 
W t .  Cd i n  sample as  Cd(OH)2 
taken - 0.4155 g 
W t .  ~ d ' p l a t e d  ou t  - 0;4045 g 
0.4045 g cd - 0.5268 g Cd(OH)2 
Actual  % Cd(OH)2 - 97.34% 
Moisture Determination: 
Dried 1.0360 g Cd(OH)2 @ 70°C f o r  48 hours I 
Dry Weight - 1.0132 g 
Weight Loss - 2.2% water 
To ta l  Cd(OH)2 cor rec ted  
f o r  mois ture  = 99.54% 
3. D i f f e r e n t i a l  Thermal Analysis (DTA) of Negative Elec t rode  Mate r i a l s  
Three e l ec t rode  m a t e r i a l s  were run on t h e  DTA. These were: 
( a )  ~ c ~ O / C ~ ( O H ) ~  (Gulton Standard Mix) 
(b)  ~ d 0 / 3 ~ d  (OH) 2 
( c )  t e f l o n a t e d  Cd(OH)2 
The r e s u l t s  a r e  shown i n  F igures  2-4. The i n i t i a l  peak between 80 and 
1 5 0 " ~  r ep resen t s  a l o s s  of adsorbed mois ture .  The peak a t  270-275"~  
r ep resen t s  t h e  conversion of Cd(OH)2 t o  CdO. The i n t e n s i t y  of  t h e  peak 
a t  275°C may be used as  a q u a l i t a t i v e  measure of t h e  r a t i o  of CdO t o  
Cd(OH)2. Since i n  F igu re  2 we know t h a t t h e  i n t e n s i t y  of t h e  peak 
r ep resen t s  25% Cd(OH)2& we should be a b l e ,  from t h e  i n t e n s i t y  of peak 
i n  t he  t e f l o n a t e d  Cd(OH)2, t o  determine q u a l i t a t i v e l y  t h e  amount of 
Cd(OH)2 l e f t  a f t e r  cu r ing  of t h e  Teflon (F igure  3 ) .  However, t he  
presence of  r e a c t i n g  Tef lon  a t  temperatures only  s l i g h t l y  h ighe r  t han  
Cd(OH)2 prevents  an accu ra t e  de te rmina t ion ,  a s  t he  DTA curve does no t  
r e t u r n  t o  base l i n e .  We can e s t ima te ,  neve r the l e s s ,  t h a t  t h e  t e f l o n a t e d  
Cd(OH)2 i s  i n  a c t u a l i t y  most ly  CdO, 
X-ray d i f f r a c t i o n  diagrams were taken of Cd(OB)2 p r e c i p i t a t e d  from 
and KOH, CdO obtained from Asarco, t h e  3Cd0 (Asarco): LCd(OBj2 
s tandard  e l e c t r o d e  mixture,  and t h e  t e f lona ted  Cd(OH)2* These 
a r e  shown i n  Figures  5-8 r e s p e c t i v e l y ,  We can u s e  F igures  7 and 8 t o  
determine t h e  approximate r a t i o  of CdO t o  Cd(01l)~ i n  t h e  t e f l o n a t e d  
m a t e r i a l .  I n  both f i g u r e s ,  we w i l l  choose t h e  CdO l i n e  a t  33" and t h e  









J - c ~ ( o B ) ~  l i n e  a t  30.3". I n  F igure  7 ,  i f  we normalize t h e  CdO l i n e  
t o  LOO%,  then the  he ight  of t h e  Gd(OB)2 l i n e  becomes 27 .  We thus know 
t h a t  an i n t e n s i t y  r a t i o  of 4:L i s  equiva len t  t o  75% Cd0-25% Cd(OH) 2 "  
I n  f i g u r e  8 ,  a f t e r  normal iza t ion ,  t h e  i n t e n s i t y  r a t i o  i s  1 , 7 : 1 ,  WE 
can now say t h a t  t h e  t e f l o n a t e d  Cd(0H) a c t u a l l y  conta ins  more CdO than  2 Cd(OH)2, However, a  q u a n t i t a t i v e  e s t ima te  of t h e  CdO content  cannot 
be made s i n c e  t h e  r e l a t i o n s h i p  between d i f f r a c t e d  i n t e n s i t y  and con- 
c e n t r a t i o n  i s  no t  l i n e a r  i n  a l l  cases .  
D .  EVALUATION OF NEGATIVE ELECTRODE MATERIALS I N  SILVER-CADMIUM CELLS ( I )  
1. Elec t rode  Construct ion -
a. S i l v e r  Elec t rodes  
S i l v e r  e l e c t r o d e s ,  each wi th  4 .0  grams of s i l v e r  (2.0 Ah 
t h e o r e t i c a l  capac i ty )  were f a b r i c a t e d .  These e l e c t r o d e s  were 
0.030 inches th i ck .  
Teflonated Cd(OH)2 Elec t rodes  
Teflonated Cd(OH)* conta in ing  5 weight percent  s i l v e r  powder 
and 5 weight percent  Teflon P-30 emulsion were f a b r i c a t e d .  Each 
e l e c t r o d e  contained 5.6 g (2.0 Ah t h e o r e t i c a l  capac i ty )  of Cd(OH)2. 
The e l ec t rodes  pressed a t  7 t o n s / i n 2  were 0.040 inches t h i c k .  
c .  Standard Gulton Pressed Elec t rode  
The e l e c t r o d e  composition i s  3Cd0:1Cd(OH)2--5 w t .  percent  s i l v e r .  
Each e l e c t r o d e  contained 7 g  (2.5 Ah t h e o r e t i c a l  capac i ty )  of a c t i v e  
m a t e r i a l .  The e l ec t rodes  pressed a t  7 t o n s / i n 2  were 0.033 inch  
d.  Cd(OH)2 Impregnated S in t e red  S i l v e r  Elec t rodes  
The f a b r i c a t i o n  of t h e s e  e l ec t rodes  i s  a  two-step process .  I n  
t h e  f i r s t  s t e p ,  s i l v e r  powder i s  mixed wi th  30% p a r a f f i n  wax (by 
weight)  and heated a t  100°C t o  allow the  wax t o  c o a t  t h e  s i l v e r  
p a r t i c l e s .  The s i lver-wax mis tu re  i s  then spread on a  s u b s t r a t e ,  
p ressed  and f i r e d  a t  1300°C. The f i r i n g  s i n t e r s  t h e  s i l v e r  powder 
and burns out  t h e  wax leaving  a  72% (approx.) porous s i n t e r ,  i n t o  
which t h e  Cd(OH)2 i s  impregnated i n  t h e  second s t e p .  
S tep  two c o n s i s t s  of vacuum impregnating Cd(N03)2 i n t o  t h e  
e l e c t r o d e  s i n t e r .  Af t e r  impregnation, t h e  e l ec t rodes  a r e  d r i e d  a t  
70°C f o r  four  hours and then  t h e  Cd(N03)2 is  converted i n t o  Cd(OK)2 
i n  cold 25% KOH. Af t e r  conversion,  t he  e l e c t r o d e s  a r e  n e u t r a l i z e d  
i n  water ,  d r i e d ,  and reimpregnated, The procedure i s  repeated 
u n t i l  t h e r e  i s  no f u r t h e r  pickup of Cd(OH)2 on two consecut ive 
cyc l e s ,  Electrodes of  t h i s  type p ick  up between 2 , 8  and 3 .1  grams 
of Cd(N63)2 ( 1 , O - l e i  Ah t h e o r e t i c a l  c a p a c i t y ) ,  These e l e c t r o d e s  
a r e  0,050 inch t h i c k ,  
The sepa ra to r  system used was as  fol lows:  
P o s i t i v e  Elec t rode  - one t u r n  of dynel and one l aye r  of sil-der 
impregnated regenerated sausage cas ing  ( c e l l u l o s e ) ,  
Negative Elec t rode  - One t u r n  of dynel and one t u r n  of non- 
woven nylon. 
2,  C e l l  Fab r i ca t ion  
-~ 
Five  c e l l s  w i th  each type of cadmium e l e c t r o d e  were f a b r i c a t e d .  
Each c e l l  contained 8 s i l v e r  e l ec t rodes  and 9 cadmium e l ec t rodes .  The 
c e l l  ca ses ,  made of nylon,  were epoxy sea led  and were f i t t e d  wi th  
pressure  gauges and c u r r e n t  l i m i t i n g  diodes when they  were cycled 
as  s ea l ed  c e l l s .  The d iodes ,  two 1 ~ 6 4 5  s i l i c o n  diodes i n  s e r i e s ,  were 
used t o  l i m i t  t h e  charging vol tage  t o  l e s s  t han  1.65 V.  C e l l  formation 
was c a r r i e d  out  i n  t h e  vented s t a t e .  
Table XXVIII l i s t s  t h e  t h e o r e t i c a l ,  expected and formation c a p a c i t i e s  
of t h e  var ious  types of c e l l s .  The t h e o r e t i c a l  capac i ty  was de t e r -  
mined from t h e  weight of a c t i v e  m a t e r i a l ,  t h e  expected capac i ty  from 
average u t i l i z a t i o n  d a t a  taken e a r l i e r  i n  t h e  program, and the  formation 
capac i ty  from a  1 A ,  24 hour charge and a  2 A d i scharge  t o  0.8 V.  
TABLE XXVIIL. - FOWTHON CAPACITY DATA 
Gulton Standard Pressed ( 9 )  
S i l v e r  E lec t rode  
From a  comparison of  t h e  expected nega t ive  c a p a c i t i e s  wi th  t h e  a c t u a l  
c e l l  c a p a c i t i e s ,  i t  i s  shown t h a t  those  c e l l s  w i th t e f lona ted  Cd(OH)2 
e l ec t rodes  and t h e  Gulton s tandard pressed e l ec t rodes  a r e  p o s i t i v e  
l i m i t i n g ,  while  t h e  c e l l s  wi th  t h e  Cd(OH)2 impregnated s i l v e r  s i n t e r s  
a r e  nega t ive  l i m i t i n g .  However, t h e r e  i s  cons iderably  more expected 
negat ive  capac i ty  i n  t h e  c e l l s  with the  t e f l o n a t e d  Cd(OH)2 e l e c t r o d e s ,  
This i nd ica t ed  t h a t  those  c e l l s  with t e f l o n a t e d  Cd(0H) e l ec t rodes  should 2 
cycle  f o r  a longer  time as  p o s i t i v e  l i m i t i n g  c e l l s  than c e l l s  wi th  t h e  
Gulton s tandard  e l e c t r o d e ,  
I n  a d d i t i o n ,  t h e  g r e a t e r  expected capae i ty  f o r  a  lower t h e o r e t i c a l  
capac i ty  means t h a t  c e l l s  us ing  t e f l o n a t e d  Cd(OH)Z weigh l e s s  than  c e l l s  
us ing  o t h e r  types of  e l e c t r o d e s ,  making t h e s e  e l ec t rodes  even more advan- 
tageous,  F igure  9 shows t y p i c a l  d i scharge  curves f o r  each type of c e l l .  
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The f i f t e e n  silver-cadmium c e l l s  were placed on cyc le  on June 1, 1969, 
The 15 c e l l s  cons i s t ed  of 5 c e l l s  each of t h r e e  d i f f e r e n t  types of 9 
cadmium e i ec t rodes .  Table XXIX d e l i n e a t e s  t he  c e l l  types.  A l l  c e l l s  
were r a t e d  a t  5 .0  Ah. 
TABLE XXIX.  - CADMIUM ELECTRODE CELL TYPES 
Tef lonated Cd (OH) 
Gulton Standard Pressed Elec t rode  
The cyc l ing  regime cons i s t ed  of a  one-hour 2.5 A d ischarge  (50% DOD) 
and an eleven hour 300 mA charge,  wi th  a  requirement of 200 cyc le s ,  
Each c e l l  i s  p a r a l l e l e d  wi th  2,  lN645 s i l i c o n  diodes i n  s e r i e s .  This  
l i m i t s  t h e  charge vo l t age  t o  l e s s  than 1.65 V. 
A t y p i c a l  charge-discharge cyc le  ( cyc l e  107) f o r  t h e  c e l l s  wi th  
t e f l o n a t e d  Cd(OH)* negat ives  i s  shown i n  F igures  10 and 11 respec t ive ly .  
The r e s u l t s  of t h e  cyc l ing  a r e  shown i n  Table XXX. 
TABLE XXX. - CYCLING RESULTS 
Apparent s h o r t  
Apparent s h o r t  
Apparent s h o r t  
Apparent s h o r t  
Apparent s h o r t  
Apparent s h o r t  
Low End of d i scharge  vol tage  
Apparent s h o r t  
Apparent s h o r t  
Apparent s h o r t  
Low end of d i scharge  vol tage  
Low end of discharge  vol tage  


I n  t he  case of  c e l l s  1-7,  9 ,  11-13 "apparent sho r t "  i nd ica t e s  t h a t  
t h e  c e l l  f a i l e d  r a p i d l y  wi th in  1 - 2  cyc les  from i t s  normal ope ra t ing  
cond i t i on ,  Low end of  d i scharge  vol tage  ind ica t e s  t h a t  t h e  end of 
d i scharge  vol tage  decreased from cyc le  t o  cyc le  u n t i l  t he  end of 
d i scharge  vol tage  was l e s s  than 0 - 6  V e  
Table XXX i n d i c a t e s  t h a t  on the  average only  those  c e l l s  wi th  
t e f l o n a t e d  Cd(OH)2 e l ec t rodes  met t he  200 cyc le  requirement.  These 
c e l l s  l a s t e d  more than  twice as  long a s  those  c e l l s  f ab r i ca t ed  
with s tandard pressed e l ec t rodes  and almost seven times longer  than  
c e l l s  with the  s i n t e r e d  s i l v e r  impregnated negat ives .  
4 .  Pos t  Mortem of Fa i l ed  Ce l l s  
A l l  t h e  f a i l e d  c e l l s  were removed from t h e i r  cases  and examined 
t o  determine t h e  cause of f a i l u r e .  
Each c e l l  was connected t o  a  vo l tmeter  and t h e  e l ec t rodes  sep- 
a r a t e d  one by one, An increase  i n  vol tage  when a  p l a t e  was separa ted  
from t h e  pack ind ica t ed  an a rea  of sho r t ing .  For  i d e n t i f i c a t i o n ,  
t h e  c e l l s  were placed wi th  t h e  p o s i t i v e  te rmina l  on t h e  l e f t  and 
t h e  e l ec t rodes  numbered i n  s e r i a l  o rder  wi th  t h e  top nega t ive  e l ee -  
t r o d e  as  p l a t e  one and t h e  bottom negat ive  e l e c t r o d e  a s  p l a t e  1 7 ,  
as  shown below: 
N P N P N P N P N  P N P N P N P N  
1 2  3  4 5  6  7  8 9  10 11 12 13  14 15 16 17 
1 )  C e l l  No. 1 - Teflonated Negatives - 289 Cycles 
Heavy s i l v e r  migra t ion  through both s e p a r a t o r s  on the  nega t ive  
and 14. 
2) C e l l  No, 2  - Teflonated Negatives - 277 Cycles 
Heavy s i l v e r  migra t ion  through both sepa ra to r s  on t h e  negat ive  
e l e c t r o d e s .  Shor t s  between e l ec t rodes  5 & 6 and 9  & 10. 
Light  s i l v e r  migra t ion  through both s e p a r a t o r s  on t h e  nega t ive  
, e l ec t rodes ,  Shor t s  between e l ec t rodes  2  & 3 and 11 & 12, and 
16 & 17. 
Light  s i l v e r  migra t ion  through both s e p a r a t o r s  on the  negat ive  
e l e c t r o d e s ,  Shor t s  between e l ec t rodes  5  & 6 and 9 & 1 0 ,  
5 )  Ce l l  No, 5 - 2 2  . .. 
Heavy s i l v e r  migra t ion  through both sepa ra to r s  on t h e  nega t iv s  
e l e c t r o d e s .  Shor t s  between e l ec t rodes  4 & 5,  8 & 9 ,  and 16 & 17,  
Minimal s i l v e r  migra t ion  through both sepa ra to r s  on t h e  
nega t ive  e l e c t r o d e s ,  Shorts  be tseen  e l ec t rodes  6 & 7 ,  7 & 8 ,  
and 14 & 15.  
Minimal s i l v e r  migra t ion  through both sepa ra to r s  on t h e  
nega t ive  e l e c t r o d e s .  Shorts  between e l ec t rodes  5 & 6, 6  & 7 ,  
8  & 9 ,  9  & 10, and 10 & 11. 
8) C e l l  No. 8  - Standard Negatives - 107 Cycles 
Heavy s i l v e r  migra t ion  through both sepa ra to r s  on t h e  nega t ive  
e l ec t rodes  and heavy s i l v e r  d e p o s i t s  near  t h e  negat ive  e l e c t r o d e  
t a b s .  No s h o r t s  de t ec t ed .  
91 C e l l  No. 9  - Standard N e ~ a t i v e s  - 152 Cvcles 
Heavy s i l v e r  migra t ion  through both sepa ra to r s  on t h e  nega- 
t i v e  e l e c t r o d e s ,  e s p e c i a l l y  i n  t he  a r ea  of sho r t ing .  Shor t s  
between e l ec t rodes  1 & 2 and 6 & 7. 
10) C e l l  No. 10 - Standard Negatives - 148 Cycles 
Minimal s i l v e r  migra t ion  through both sepa ra to r s  on the  
nega t ive  e l e c t r o d e s .  No s h o r t s  de t ec t ed .  
11) C e l l  No. 11 - Sintered  Negatives - 134 Cycles 
Heavy s i l v e r  migra t ion  through both sepa ra to r s  on t h e  nega- 
t i v e  e l e c t  
Shor t s  de t ec t ed  between a l l  e l ec t rodes .  
1 2 )  C e l l s  No. 1 2  - 15 - S i n t e r e d  Negatives,  8-12 Cycles - 
A l l  c e l l s  showed a l a rge  amount of  s i l v e r  migra t ion  and 
no vo l t age  when the  p l a t e s  were sepa ra t ed .  
The r e s u l t s  of t h e  c e l l  pos t  mortems ind ica t ed  t h a t  one of t he  
major reasons f o r  f a i l u r e  was migra t ion  of s i l v e r  t o  t h e  nega t ive  
e l e c t r o d e s  and s h o r t i n g  through t h e  sepa ra to r  i n  t h e  v i c i n i t y  of t h e  
t a b  a rea .  
A second s e t  of silver-cadmium c e l l s  was f ab r i ca t ed  wi th  an i m -  
proved cons t ruc t ion  so  t h a t  t h e  e l e c t r o d e  c o l l e c t o r  t abs  s tand  up- 
r i g h t  and do n o t  con tac t  t h e  s epa ra to r  of an adjacent  e l e c t r o d e ,  
Subsequent t o  t h e  pos t  mortem examination, t h e  e l e c t r o d e s  i n  
each pack were separa ted  t o  remove any s h o r t s  and were given a  
charge and d ischarge  capac i ty  cyc l e ,  
A l l  c e l l s  except  numbers 1 ,  2 ,  and 5 (which were charged and 
discharged a t  5 A, t h e  C / 1  r a t e )  were charged a t  ~ 1 1 0  f o r  24 hours 
( i n  open beakers)  and then  discharged a t  2.0 A ( ~ 1 2 . 5 )  t o  p o s i t i v e  
f a i l u r e .  
Typical  d i scharge  curves f o r  one c e l l  of each nega t ive  e l e c t r o d e  
type a r e  shown i n  F igure  12. 
Table XXXI l i s t s  t h e  r e s u l t s  and compares them t o  t h e  precyc l ing  
capac i ty .  Except f o r  c e l l s  13-15, where t h e  capac i ty  l o s s  is  about 
70%, t h e  l o s s  i n  capac i ty  v a r i e s  between 32 and 53%. The average 
l o s s  i s  41%. 
F a i l u r e  a n a l y s i s  on c e l l s  1, 2 ,  3,  and 5 have been c a r r i e d  out  
i n  accordance wi th  NASA Document 51221, and a r e  presented  i n  
Appendix I t o  t h i s  r e p o r t .  A photograph of a  t y p i c a l  f a i l e d  c e l l  i s  
a l s o  shown i n  Appendix I. 
TABLE XXXI.  - POST CYCLING CAPACITY 
4.4 (C/l Rate)  
F igure  13 p re sen t s  a  pos t  cyc l ing  d ischarge  curve f o r  both e l ec -  
t rodes  of a  t y p i c a l  c e l l  wi th  t e f l o n a t e d  nega t ives ,  showing both 
p o s i t i v e  and negat ive  d ischarge  curves ,  
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A second s e t  of silver-cadmium c e l l s  were f a b r i c a t e d ,  Ten c e l l s  in 
a11 were cons t ruc ted ;  f i v e  with t e f l o n a t e d  Cd(OKI2 negat ive  e l e c t r o d e s ,  
and f i v e  wi th  t h e  s tandard  pressed e l e c t r o d e s .  
E lec t rode  Fabr i ca t ion  
The e l ec t rodes  f o r  t h e s e  c e l l s  were prepared by t h e  same methods 
descr ibed e a r l i e r  i n  Sec t ions  D . l . a ,b ,  c .  
2. C e l l  Fab r i ca t ion  
The c e l l  cons t ruc t ion  i n  t h i s  second s e t  of c e l l s  va r i ed  cons iderably  
from t h e  f i r s t  group. 
I n  t h e  f i r s t  group, 9  nega t ive  and 8 p o s i t i v e  e l ec t rodes  were used;  
while  i n  t he  second group, 8  nega t ive  and 7 p o s i t i v e  e l e c t r o d e s  were 
used. I n  a d d i t i o n ,  i n  t h e  seccnd s e t  of c e l l s ,  each e l e c t r o d e  t ab  was 
separa ted  from t h e  ad jacent  t a b  by t h e  use  of a  0.057" s t a i n l e s s  s t e e l  
space r ,  as  shown i n  F igure  14. The f i r s t  s e t  of c e l l s  used only  f i v e  
0.092 spacers .  The use  of t h e  smal le r  spacers  helps  prevent  s h o r t i n g  
by prevent ing a  t a b  from con tac t ing  migrated s i l v e r  p a r t i c l e s  on t h e  
sepa ra to r  of an an t i -po la r  e l ec t rode .  
3 .  Cel l  Tes t ing  
a.  Formation 
The formation procedure cons i s t ed  of f i l l i n g  t h e  c e l l s  with 
38% KOH, soaking f o r  72 hours ,  and charging the  c e l l s  a t  ~ / 1 0  f o r  
be  converted t o  Cd me ta l ,  thus  assur ing  a  phys i ca l ly  s t rong  e l ec -  
t rode  with a l l  of t h e  a c t i v e  m a t e r i a l  adhering t o  t h e  s u b s t r a t e .  
The c e l l s  were then  discharged a t  2.0 A u n t i l  nega t ive  exhaust ion 
( - 1 0  V ) .  Table X X X I I  l i s t s  t h e  r e s u l t s  of t h e  formation d ischarge  
and Table XXXIII gives t h e  u t i l i z a t i o n  da t a .  
Figure 15 i s  a  t y p i c a l  d i scharge  curve. 
The average weight f o r  Ce l l s  1-5 was 239.52 grams (0.525 l b s ) ,  
whi le  t h a t  f o r  C e l l s  6-10 was 246.869 (0.545 l b s ) .  Therefore ,  t h e  
average weight f o r  a l l  10 c e l l s  was c a l c u l a t e d  as  243.19 grams 
(0.535 l b s . )  
The average p o s i t i v e  capac i ty  f o r  a l l  c e l l s  was 9 .3  Ah and t h e  
d ischarge  vol tage  was 1 . 1 2  V ,  f o r  an average value of 10 ,4  Wh o r  
19.5 Wh/lb, This  compares more than favorably  wi th  a  s tandard  
6 , O  Ah space c e l l  which y i e lds  about 14 Wh/lb, 
FIGURE 14 ELECTRODE STACK CONFIGUI'LATIOS 

TABLE XXXSE, - 
TABLE X X X I I I .  - UTILIZATION DATA 
Standard Cadmium 
b. Cycl ing 
Af ter  formation,  two IN645 d iodes ,  i n  s e r i e s  w i th  each o t h e r ,  
were placed i n  p a r a l l e l  wi th  each c e l l .  These diodes l i m i t  t h e  
c e l l  vo l t age  t o  1.60-1.65 v o l t s .  The c e l l s ,  r a t e d  a s  nominally 
5.0 Ah, were charged a t  ~ / 1 0  (0.5 A) f o r  24 hours .  A t  t h e  end 
of charge,  t h e  e l e c t r o l y t e  l e v e l  was ad jus ted  t o  j u s t  below t h e  
tops of t h e  e l e c t r o d e  s t a c k .  The c e l l s  were then  sea led  wi th  
p re s su re  gauges and s t a r t e d  on cyc le .  
The cyc le  cons i s t ed  of a  1.2 hour d ischarge  t o  50% depth of 
d i scharge ,  which corresponds t o  a  removal of 2.5 Ah, and a  
22.8 hour charge. 
This  cyc l e  requi red  r a t e s  of 2 . 1  A f o r  d i scharge  and 0.13 mA 
f o r  charge.  
Due t o  t h e  c e l l  cons t ruc t ion  schedule,  c e l l s  6-10 were placed 
on cyc l e  a f t e r  c e l l s  1-5 had completed 40 c y c l e s ,  
As oE t h e  end of t he  program, c e l l s  1-5 ( t e f lona ted  e l ec t rodes )  had 
completed 382 succes s fu l  cyc l e s ,  and c e l l s  6-10 (s tandard e l e c t r o d e s )  
had completed 342 succes s fu l  cyc l e s .  
Figure  16 shows a charge curve f o r  c e l l s  1-5 on cyc l e  382, 
F igure  17 i s  t h e  charge curve f o r  c e l l s  6-10 on cyc le  342, 
F igure  18 i s  t h e  d i scharge  curve f o r  a l l  c e l l s  on t h e  same cyc l e  a s  
t h e  charge curves .  
A t  t h e  end of charge f o r  cyc l e s  342 and 382, t h e  c e l l  p r e s su re s  
were a s  shown i n  Table  XXXIV. 
TABLE XXXIV.  - CELL PRESSURES 
Standard Pressed 
During t h e  e n t i r e  course  of cyc l ing ,  on ly  one problem was en- 
countered.  A t  t h e  end of t h e  12 th  cyc l e ,  c e l l s  3 and 5 had p o s i t i v e  
p re s su re s  o f  15 and 19 p s i g ,  and t h e  p re s su re  had s t e a d i l y  r i s e n  t o  
t h a t  va lue  whi le  t h e  o t h e r  c e l l s  had e i t h e r  0 o r  5  p s ig .  The two 
p re s su re  c e l l s  were vented and t h e  gas analyzed t o  be  oxygen. An 
This  solved t h e  p re s su re  bu i ldup  problem. 
A t  t h e  end of t h e  program, a f t e r  one year of succes s fu l  c y c l i n g ,  
t h e  c e l l s  were removed from cyc l ing  and forwarded t o  t h e  ~ A S A l ~ e w i s  
Research Center  f o r  f u r t h e r  t e s t i n g  and d i s p o s i t i o n .  
F. MATERIALS AND UNIFORMITY OF TEFLONATED CADMIUM ELECTRODES 
This  i n v e s t i g a t i o n ,  undertaken a s  Amendment No. 3 t o  Contract  NAS 3-11829, 
was designed i n  o r d e r  t h a t  t h e  b e s t  type  of t e f l o n a t e d  cadmium e l e c t r o d e  be  
determined. 
The experimental  work was divided i n t o  t h r e e  phases.  The f i r s t  phase 
i nves t i ga t ed  t h e  cadmium form; t h e  second phase i nves t i ga t ed  t h e  e f f e c t  of  
p a r t i c l e  s i z e ;  and t h e  f i n a l  phase cons i s t ed  of a  more d e t a i l e d  e v a l u a t i o n  






a 03 .J- W m m  
kJ ":".z 
w 
m C J  kj 
I 
5 &G 
l d  
t r d t  
a: d lec t rode  Fabr i ca t ion  
Twelve negat ive  e l e c t r o d e s ,  u s ing  the  s tandard p a r t i c l e  s i z e  
Cd(OR)2 as  a  s t a r t i n g  m a t e r i a l ,  were f ab r i ca t ed .  Pour e l ec t rodes  
of each of t h r e e  groups, shown i n  Table XXXU, were prepared,  
TABLE XXXV. - NEGATIVE ELECTRODE TYPES 
The t h e o r e t i c a l  capac i ty  f o r  each type  of e l e c t r o d e  was c a l c u l a t e d  
as  1.5 Ah. 
, b. Elec t rode  Charac t e r i za t ion  
One e l e c t r o d e  of each group was s e t  a s i d e  f o r  measurements of 
po ros i ty .  
(1) P o r o s i t y  
i ng  t h e  e l e c t r o d e  d ry  and weighing t h e  e l e c t r o d e  a f t e r  impregnation 
wi th  methanol. 
The percent  p o r o s i t y  i s  def ined  a s :  
Table XXXVI l i s t s  t h e  r e s u l t s  of t he  p o r o s i t y  de te rmina t ions .  
TABLE XXXVI. - POROSITY DETEMINATSON 
The uncured Cd(OK)2 e l ec t rodes  r e g i s t e r e d  lower po ros i ty  values 
than  the  cured e l ec t rodes .  
(I) Fabr i ca t ion  - 
Three e l ec t rodes  of each group were f a b r i c a t e d  i n t o  three-  
p l a t e  nega t ive  l i m i t i n g  nickel-cadmium c e l l s  ( t o t a l  9  c e l l s )  and 
ac t iva t ed  wi th  34% KOH and allowed t o  soak 24 hours .  
(2)  Pre-Cycling Tes t s  
Af t e r  a c t i v a t i o n ,  t h e  c e l l s  were formed by charging a t  C/10 
f o r  24 hours and d ischarg ing  a t  C/5 t o  0,9 V. 
F igure  19 i s  an average d ischarge  curve f o r  each type of 
e l e c t r o d e  and shows t h a t  t h e  average capac i ty  f o r  t h e  uncured 
Cd(OH)2 i s  0.84 Ah whi le  f o r  t h e  o the r  two groups ( i . e . ,  cured 
Cd(OH)2 and cured CdO), t he  average capac i ty  is  0.97 Ah. 
The c e l l s  were then given two C/10 d ischarges  as  shown i n  
Figures  20 and 21. A second C/5 d ischarge  i s  shown i n  F igure  22. 
Two C / 1  d i scharges  a r e  shown i n  F igure  23. The capac i ty  r e s u l t s  
a r e  summarized i n  Table XXXVII. 
TABLE XXXVII. - AVERAGE PRE-CYCLING CAPACITIES 
Af t e r  completion of t h e  precyc l ing  t e s t s ,  t h e  c e l l s  were placed 
on a  one-week cyc le  a t  50% depth of discharge.  The cyc le  cons i s t ed  
of a  30 minute d ischarge  a t  t h e  C / l  (0.6 A )  r a t e  and a  60 minute 
charge a t  0.33 A. The r a t e s  were chosen based on t h e  C / 1  c apac i ty  
da t a  obta ined  i n  t h e  precyc l ing  t e s t s .  
Table XXXVSI.1 shows t h e  end of d i scharge  vo l t age  versus cyc l e  






TABLE XXXVIII . - E N D  O F  DSSCHARGE VOLTAGE VS CYCLE - W B E R  - 
* EODV - End of Discharge Voltage 
The Table shows t h a t  t h e  Group 1 (uncured Cd(OH)2) c e l l s  c y c l e  
30 m i l l i v o l t s  below Group 2 (cured Cd(OH)2) c e l l s  and 40 m i l l i v o l t s  
below Group 3 (cured CdO) c e l l s .  
On Cycle 113, t h e  d ischarge  was allowed t o  cont inue u n t i l  t h e  
c e l l s  reached 0.9 V i n  order  t h a t  t he  t o t a l  c a p a c i t y  be determined. 
The r e s u l t s  of t h i s  t e s t a r e  shown i n  F igure  24 and a r e  summarized 
and compared t o  t h e  pre-cyc l ing  ~ / 1  capac i ty  i n  Table XXXIX,  
TABLE XXXIX. - TOTAL CAPACITY AFTER CYCLING (Cycle 113) 
Discharged a t  C / 1  (0.6A) 
Af t e r  t h e  completion of cyc l ing ,  t h e  c e l l s  were subjec ted  t o  
two cyc les  a t  each of t he  fol lowing r a t e s :  ~ 1 1 0 ,  C/5, and C / 1 .  
The d ischarge  curves of t h i s  cyc l ing  a r e  shown i n  F igures  25-30, 
and the  capac i ty  d a t a  i s  summarized i n  Table XL, 

The pos t  cyc l ing  c a p a c i t y  d a t a  i n d i c a t e  about a  70% r e t e n t i o n  
i n  capac i ty  a t  a l l  r a t e s  as  compared t o  t h e  precyc l ing  d a t a .  
TABLE XL, - AVERAGE POST CYCLING CAPACITIES 
I n  genera l ,  t he  cured CdO performed on a  par  wi th  t h e  cured 
Cd(OH)2 and both f a r ed  b e t t e r  than the  uncured Cd(OH)2. However, 
a t  t he  ~ / 1  r a t e ,  t h e  uncured Cd(OH)2 averaged about 15% g r e a t e r  
c a p a c i t y  over t he  s h o r t  l i f e ,  
(5 )  Phys ica l  Condition of Elec t rodes  
Physical  examination of t h e  e l ec t rodes  ind ica t ed  t h a t  those  
nega t ive  p l a t e s  f a b r i c a t e d  from the  cured Cd(OH)2 and cured 
CdO had good s t r u c t u r a l  i n t e g r i t y .  However, those  e l ec t rodes  
f ab r i ca t ed  from t h e  uncured Cd(OH)2 showed b l i s t e r s  and f l a k i n g ,  
Thei r  phys ica l  i n t e g r i t y  appears t o  diminish wi th  cyc l e  l i f e .  
he above r e s u l t s ,  i t  was concluded t h a t  t h e  cured 
e l e c t r o d e s  were s u p e r i o r  t o  t he  uncured e l e c t r o d e s  and t h a t  
t he  t e f l o n a t e d  CdO, which was produced by h e a t  t r e a t i n g  Cd(BB)2, 
performs on a par  with t h e  bas i c  t e f lona ted  Cd(OH)2, 
A l l  subsequent work was performed wi th  the  t e f l o n a t e d  CdO, 
The u s e  of t h i s  m a t e r i a l  e l imina ted  the  need f o r  determining 
t h e  exac t  r a t i o  of Gd(OH)2 t o  CdO i n  t h e  t e f l o n a t e d  Cd(OH)2, 
and t h u s ,  improved t h e  q u a l i t y  c o n t r o l  of keeping t h e  r a t i o  
cons tan t  from one l o t  t o  another .  
2 .  
Elec t rode  Mate r i a l s  
I n  t h i s  phase of t h e  program, experiments were conducted t o  determine 
the  e f f e c t  of p a r t i c l e  s i z e  on e l e c t r o d e  performance. 
The s tandard s i z e  Cd(OHjZ prepared by adding a 2% excess o f  
8,07N KQH d i r e c t l y  t o  8,26N Cd(N03)2, adding water  and washing 
immediately,  The l a r g e r  s i z e  Cd(OH)2 was prepared i n  t he  same 
manner as  t h e  s tandard  m a t e r i a l ,  except t h a t  t h e  Cd(OK)* was allowed 







The smal le r  p a r t i c l e  s i z e  Cd(0H) was prepared by f i r s t  d i l u c i n g  
the  C d ( 0 ~ . ) ~  wi th  a ten- fo ld  volume o$ d i s t i l l e d  water p r i o r  t o  
p r e c i p i t a t i n g  with KOH, 
b ,  Measurement of Cd(OB)2 P a r t i c l e  S ize  
(1) Method 
The p a r t i c l e  s i z e  d i s t r i b u t i o n  was measured by applying 
Stokes Law t o  p a r t i c l e s  f a l l i n g  through a  viscous medium. A 
photograph of t h e  apparatus  i s  shown i n  F igure  31. 
The equat ions used f o r  determining t h e  p a r t i c l e  diameters  a r e  
given below:" 
Stokes Law f o r  t h e  v e l o c i t y  of a  p a r t i c l e  f a l l i n g  through 
a  viscous ( a i r )  medium i s :  
where: V = v e l o c i t y  i n  cm/sec 2 g  = a c c e l e r a t i o n  due t o  g r a v i t y  (980 cm/sec ) 
r = r ad ius  of p a r t i c l e  i n  cm Pp = d e n s i t y  of p a r t i c l e  Cd(OH)2 = 4.8  g /cc  CdO = 8.2 g /cc  [ P1 = d e n s i t y  of s e t t l i n g  medium (K20 = 1 g l e e )  I 
= v i s c o s i t y  of s e t t l i n g  medium (H20 = 8.74 x po i se s )  
To o b t a i n  t h e  p a r t i c l e  diameter ,  i n  microns, as  a  func t ion  of 
t h e  time ( t )  it  t akes  t o  f a l l  through a  given he igh t  (h) under any 
where: h  = d i s t a n c e  p a r t i c l e  f a l l s  through ( i n  cm) 
t = time f o r  p a r t i c l e  t o  f a l l  through d i s t a n c e  h ( i n  minutes) ,  
a  = a c c e l e r a t i o n  of p a r t i c l e  ( i n  cm/sec2) 
60 = converts  seconds t o  minutes 
dn = p a r t i c l e  diameter ( i n  em) 
108 = converts  p a r t i c l e  s i z e  from cm t o  microns 
* Handbook of Chemistry and Physics ,  - 3 6 ,  2833 ,  Chemical Rubber Publ i sh ing  





FIGURE 31.  APPARATUS FOR DETERMINING PARTICLE S I Z E  
DISTRIIBUTION 
Rearranging (2) ro  a  u se fu l  form,  we ge t :  
For any p l r t i c l e ,  we can s imp l i fy  (3)  t o :  
where, f o r  a  g iven  s e t t l i n g  medium, K i s  dependent upon t h e  
a c c e l e r a t i o n  ( a )  and t h e  p a r t i c l e  d e n s i t y  ( p p )  
I f  we keep t h e  va lue  f o r  "a" cons tan t  and c a l c u l a t e  K f o r  
a  one p a r t i c l e  d e n s i t y ,  then  K f o r  a l l  p a r t i c l e  d e n s i t i e s  can 
be ca l cu la t ed  by a  simple r a t i o .  
(2) Procedure 
The procedure used f o r  making t h e  measurement was a s  follows: 
A small  (-0.5 gm) amount of s o l i d  was added t o  50 r n l  of a  70% 
water-30% acetone d i spe r s ing  medium, The mixture  was then  
a g i t a t e d  i n  a  blender  f o r  3  minutes ,  
About 1 m l  of t h e  d ispersed  s o l i d  was added t o  t h e  s e t t l i n g  
medium ( d i s t i l l e d  water )  contained i n  t h e  measuring tube  (shown 
i n  the  foreground on t h e  f a r  l e f t  of F igure  31).  The pa r t i . e l e s  
were allowed t o  s e t t l e  and the  he igh t  of t h e  column of s e t t l e d  
p a r t i c l e s ,  a s  a  func t ion  of t ime, was measured. 
S ince  only  l a r g e  p a r t i c l e s  w i l l  s e t t l e  under t h e  a c c e l e r a t i o n  
va lue)  i n  a  c e n t r i f u g e ,  
(3)  Resul t s  
The r e s u l t s  of t h e  p a r t i c l e  s i z e  determinat ions a r e  shown 
i n  F igures  32 through 36. The graphs show p l o t s  of t h e  p a r t i c l e  
s i z e  d i s t r i b u t i o n  a s  percent  of p a r t i c l e s  f i n e r  than a  given 
p a r t i c l e  s i z e ,  
F igure  32 shows t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  t h e  
s tandard  p a r t i c l e  s i z e  Cd(OH)2. The s i z e  d i s t r i b u t i o n  i s  almost 
l i n e a r  between 0 , s  and 50 microns wi th  50% of t h e  m a t e r i a l  
f i n e r  than  5 microns and 50% coa r se r  than  5 microns. 
F igure  33 i s  t h e  d i s t r i b u t i o n  of CdO prepared from the  s tandard  
s i z e  Cd(OH)2, This d i s t r i b u t i o n  i s  a l s o  roughly l i n e a r  except 
that t h e  p a r t i c l e s  a r e  sma l l e r ,  rangigg from 0 - 2 5  t o  35 microns 
with the median p a r t i c l e  s i z e  2 m i c r o r i a ,  


Figure 34 g ives  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  of the  l a r g e  
s i z e  Cd(OH)2 and i s  s i m i l a r  t o  F igure  32. However, t h e  median 
p a r t i c l e  s i z e  i s  6 microns, 
F igure  35 gives t h e  d i s t r i b u t i o n  of t h e  small  s i z e  Cd(OH)2, 
This m a t e r i a l  has a  considerably smal le r  p a r t i c l e  s i z e  than 
the  s tandard o r  l a r g e  s i z e  m a t e r i a l .  The p a r t i c l e  s i z e  range 
i s  0.5 t o  25 microns and the  median s i z e  i s  2 microns. However, 
t h e  most ou ts tanding  f e a t u r e  of t h i s  m a t e r i a l  i s  t h a t  i t  is 
cons iderably  more uniform than any of t h e  o t h e r  samples. Almost 
90% of t h e  m a t e r i a l  i s  smal le r  than  4 microns and more than 
75% of t h e  m a t e r i a l  i s  smal le r  than  3  microns. 
The s i z e  d i s t r i b u t i o n  of t h e  small  CdO, shown i n  F igure  36 
has t h e  same genera l  f e a t u r e s  as  t h a t  of t h e  smal l  Cd(OH)2, shown 
i n  F igure  35, except  t he  m a t e r i a l  i s  gene ra l ly  made up of sma l l e r  
and even more uniform p a r t i c l e s ,  wi th  t h e  l a r g e s t  s i z e  p a r t i c l e s  
ranging between 10 and 15 microns. Almost 80% of t h e  m a t e r i a l  
l i e s  between 0.25 and 2  microns wi th  a median p a r t i c l e  s i z e  of 
.1 micron. One explana t ion  f o r  t h e  CdO being smal le r  than  t h e  
Cd(OH)2 i s  t h a t  t h e  a b s t r a c t i o n  of water  from Cd(OH)2 may cause  
t h e  c r y s t a l s  t o  f r a c t u r e .  However, t h i s  may n o t  be t h e  only  
explana t ion .  
c ,  Measurement Of BET Surface  Area 
The BET s u r f a c e  a r e a  measurements were performed by Micromeretics 
Instrument  Corp., Norcross Georgia 30071, on a  Model 2100A O r r  Sur face  
Area-Pore Volume Analyzer. The BET su r face  a reas  a r e  shown i n  Table XLI, 
TABLE XLI. - BET SURFACE AREA 
Tef lona ted  Cd(OH)2 (Standard S ize )  - Uncured 
The reason f o r  t h e  s tandard  and l a r g e  s i z e  m a t e r i a l s  having a  l a r g e r  
s u r f a c e  a rea  than  the  small  s i z e  may be due t o  t h e  f a c t  t h a t  t h e  l a r g e r  
p a r t i e l e s ,  being made up of many small  g r a i n s ,  apparent ly  e x h i b i t  a  
h ighe r  porosiey than t h e  smal le r  p a r t i c l e s  by exposing both i n t e r n a l  
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The r e s u l t s  of t h e  s p e c i f i c  s u r f a c e  a rea  d e t e m i n a t i o n  by 
the  BET method provided a d d i t i o n a l  j u s t i f i c a t i o n  f o r  our  choice 
of cured t e f lona ted  cadmium oxide (prepared from our own cadmium 
hydroxide) a s  t h e  p re fe r r ed  s t a r t i n g  m a t e r i a l  f o r  our  nega t ive  
e l e c t r o d e s  as  t he  BET d a t a  i nd ica t ed  t h a t  the  t e f l o n a t e d  CdO 
has a  BET s p e c i f i c  su r f ace  a rea  two t o  t h r e e  times t h a t  of t h e  
t e f l o n a t e d  Cd(OH)2. 
3 .  Tes t ing  of Various P a r t i c l e  S i z e  Negative Elec t rodes  
a .  E lec t rode  Fabr i ca t ion  
Twelve negat ive  e l ec t rodes  were f ab r i ca t ed .  Four e l e c t r o d e s  
of each of t h r e e  groups, a s  shown i n  Table XLII, were prepared.  
TABLE XLII. - NEGATIVE ELECTRODE TYPES 
CdO and t e f l o n a t e d  
Large p a r t i c l e  s i z e  Cd(OH)2 converted t o  CdO 
and t e f l o n a t e d  
The t h e o r e t i c a l  c a p a c i t y  of t h e  e l ec t rodes  was c a l c u l a t e d  
a s  1.5 Ah. 
E lec t rode  Charac t e r i za t ion  
One e l e c t r o d e  of each group was s e t  a s i d e  f o r  measurements 
of po ros i ty .  
(1)  Po ros i ty  
Elec t rode  po ros i ty  was measured by methanol abosrp t ion  
a s  descr ibed e a r l i e r .  
Table XLIII l i s t s  t h e  r e s u l t s  of t h e  p o r o s i t y  d e t e r -  
minat ions.  
TABLE XLIII. - POROSITY DETERMINATION 
Standard CdO 
(1) Fab r i ca t ion  
P 
Three e l ec t rodes  of each group were f a b r i c a t e d  i n t o  
t h r e e  p l a t e  nega t ive  l i m i t i n g  nickel-cadmium c e l l s  ( t o t a l  
9  c e l l s )  and a c t i v a t e d  wi th  34% KOH and allowed t o  soak 
24 hours . 
(2)  Pre-Cycling Tes t s  
Af t e r  a c t i v a t i o n ,  t h e  c e l l s  were formed by charging a t  
C/10 f o r  24 hours and d ischarg ing  a t  C/5 t o  0.9 V .  
F igure  37 is  an average d ischarge  curve f o r  each type 
of e l e c t r o d e  and shows t h a t  t h e  average capac i ty  f o r  t he  
s tandard  CdO i s  1.09 Ah whi le  f o r  t h e  o the r  two groups 
( i . e . ,  smal l  CdO and l a r g e  CdO), t h e  average c a p a c i t y  i s  
1.04 Ah. 
The c e l l s  were then given two C/10 d ischarges  a s  shown 
i n  F igures  38 and 39. A second C/5 d ischarge  i s  shown i n  
F igure  40. The two C / 1  d i scharges  a r e  shown i n  F igures  41  
and 42. The capac i ty  r e s u l t s  a r e  summarized i n  Table XLIV, 
TABLE XLIV. - AVERAGE PRE-CYCLING CAPACITIES 
Af t e r  completion of t h e  precyc l ing  t e s t s ,  t h e  c e l l s  were 
placed on a  one-week cyc le  a t  50% depth of d i scharge .  The 
cyc le  cons i s t ed  of a  30 minute d ischarge  a t  t h e  C / 1  (0.6 A) 
r a t e  and a  60 minute charge a t  0.33 A .  The r a t e s  were chosen 
based on t h e  c /1  capac i ty  d a t a  obtained i n  t h e  pre-cyc l ing  
t e s t s .  
Table XLV shows the  end of d i scharge  vol tage  versus 







TABLE XLV, - END OF BPSCEZARGE VOLTAGE Vs  CYCLE NT@--5ER 
* EODV = End of Discharge Voltage 
The Table shows t h a t  t h e  Group 4 (small  CdO) and Group 6 
( l a r g e  CdO) cyc le  70 m i l l i v o l t s  below t h e  Group 5 ( s tandard  
CdO) c e l l s .  
On Cycle 113, t h e  d ischarge  was allowed t o  cont inue u n t i l  
t h e  c e l l s  reached 0.9 V i n  o rde r  t h a t  t h e  t o t a l  capac i ty  b e  
determined. The r e s u l t s  of t h i s  t e s t  a r e  shown i n  F igure  43 
and a r e  summarized and compared t o  t h e  pre-cyc l ing  ~ / 1  capac i ty  
i n  Table XLVI. 
TABLE XLVI. - TOTAL CAPACITY AFTER CYCLING (Cycle 113) 
DISCHARGED AT c / I  (0.6 A) 
( 4 )  Post  Cycle Tes t ing  
Af t e r  t he  completion of cyc l ing ,  t h e  c e l l s  were sub j ec t ed  
t o  two cyc le s  a t  each of t he  fol lowing r a t e s :  ~ 1 1 0 ,  ~ / 5 ,  C/I, 
The r e s u l t s  of t hese  t e s t s  a r e  shown i n  Figures  44-49 and 
summarized i n  Table XLVII. 








The pos t  cyc l ing  capac i ty  d a t a  i n d i c a t e  c a p a c ~ t y  r e t e n t r o n  
ranging between 75 and 50% f o r  Groups 4 and 6 and about 85% 
f o r  Group 5 ,  However, a t  a l l  r a t e s ,  t he  s tandard  CdO (Group 5) 
exh ib i t ed  g r e a t e r  capac i ty  than the  o the r  cadmium oxides ,  
4 ,  Fina l  Evaluat ion 
The f i n a l  eva lua t ion  cons i s t ed  of f a b r i c a t i n g  f i v e  e l ec t rodes  from 
t h e  apparent ly  b e s t  m a t e r i a l  ( s tandard  p a r t i c l e  s i z e  CdO) as  shown 
by t h e  pre l iminary  work. They were cons t ruc ted  i n t o  negat ive  l i m i t i n g  
c e l l s  and t e s t e d  as  o u t l i n e d  below: 
a.  TWO cyc l e s  each, a t  r a t e s  of ~ / 1 0 ,  c / 5  and c /1  
b .  One week cyc l ing  on a  90 minute o r b i t  a t  50% depth of d i s -  
charge (112 c y c l e s ) .  
c .  TWO cyc l e s  each a t  r a t e s  of ~ / 1 0 ,  C/5 and ~ 1 1 0  
d. Replace on cyc le  f o r  one month. 
I n  previous t e s t s ,  n i c k e l  e l ec t rodes  were wrapped i n  non-woven 
nylon sepa ra to r s .  However, i n  t h i s  t e s t ,  t h e  n i c k e l  p o s i t i v e  e l ec -  
t rodes  were wrapped i n  a  c e l l u l o s i c  s epa ra to r  t o  more c l o s e l y  s imula te  
condi t ions  i n  a  silver-cadmium c e l l  and a l s o  t o  prevent  any s i l v e r  
migra t ion  from t h e  s i l v e r  used a s  a  conductive d i l u e n t  i n  t h e  nega- 
t i v e  f o r  t h i s  longer  l i f e  cyc le  t e s t .  The e l e c t r o l y t e  was an aqueous 
s o l u t i o n  of 38% KOH. This  h ighe r  concent ra t ion  i s  normally used i n  
our  silver-cadmium c e l l s .  
a .  Pre-Cycle Tes t ing  
c a p a c i t i e s  f o r  t h e  f i v e  c e l l s  a r e  shown i n  Figure 50, F igures  
51 and 52 show t h e  two C/10 d ischarges ,  F igure  53 shows t h e  second 
~ / 5  cyc l e ,  and Figures  54 and 55 show t h e  two C / 1  cyc les .  The 
average capac i ty  r e s u l t s  a r e  summarized i n  Table XEVIIP. 











After  completion of t he  pre-cyc l ing  t e s t s ,  t h e  t e l l s  were placed 
on a  one-week cyc le  a t  50% depth of d i scharge ,  The cyc le  cons i s t ed  
of a  30 minute d ischarge  a t  t h e  ~ / 1  (0 ,6  A )  r a t e  and a  60 minute 
charge a t  0 ,33 A ,  The r a t e s  were chosen based on t h e  ~ / l  capac i ty  
d a t a  obtained i n  t he  pre-cyc l ing  t e s t s ,  
Table XLIX shows end of d i scharge  vol tage  versus  cyc l e  number, 
TABLE XLPX, - END OF DISCHARGE VOLTAGE 
Vs CYCLE NUMBER 
* EODV= End of Discharge Voltage 
The end of d i scharge  vo l t ages  shown t o  be lower than t h e  previous 
c e l l s  a r e  apparent ly  due t o  t h e  increased  c e l l  impedance due t o  
t h e  u s e  of t h e  c e l l u l o s i c  s e p a r a t o r  and 38% KOH, as  opposed t o  
non-woven nylon and 34% KOH used previous ly .  On eyc le  113, t h e  
d ischarge  was allowed t o  cont inue  u n t i l  t h e  c e l l s  reaehe  
i n  order  t h a t  t o t a l  c a p a c i t y  be determined, The r e s u l t s  a r e  
shown i n  F igure  56. The t o t a l  capac i ty ,  a f t e r  cyc l ing ,  was 
0.54 Ah compared t o  0.63 Ah p r i o r  t o  cyc l ing ,  o r  a  capac i ty  r e t en -  
t i o n  of 86% from t h e  s t a r t  of cyc l ing .  
c .  Post  Cycling Tes ts  
Af t e r  completion of cyc l ing ,  t he  c e l l s  were subjec ted  t o  two 
cyc le s  a t  each of t h e  fol lowing r a t e s :  ~ 1 1 0 ,  C/5, C / l ,  The 
r e s u l t s  of t hese  t e s t s  a r e  shown i n  Figures  57-59 and summarized 
i n  Table L. 
TABLE Lo - :3 
STANDARD CdO 
CAPACITY 






The p o s t  c y c l i n g  c a p a c i t y  d a t a  indicate a  c a p a c i t y  rerentrsn 
of 75% for ~ / l 0  and @/5, and 60% f o r  ~ / l  a s  lzompared t o  tb-e prz-  
c y c l i n g  c a p a c i t y ,  
Af t e r  t h e  pos t  cyc l ing  c a p a c i t y  de te rmina t ion ,  t h e  ce l l s  were 
rep laced  on cyc l e  and were allowed t o  remain on c y c l e  f o r  an 
a d d i t i o n a l  600 cyc l e s .  The c e l l s  completed t h e  600 cyc l e s  with 
and end of d i scharge  vo l t age  of 1,10 V, 
A t y p i c a l  d i scharge  curve  f o r  cyc l e  500 i s  shown i n  F igure  60, 

CONCLUSIONS 
The d a t a  accumulated during t h i s  i n t e n s i v e  26 month s tudy lead t o  t h e  
fol lowing conclus ions ,  
A.  Pasted e l e c t r o d e s  f ab r i ca t ed  from mixtures  of Cd(0H) and CdO yielded ii e l e c t r o d e s  wi th  e lec t rochemica l  u t i l i z a t i o n  (21%) on h i g  r a t e  cyc l ing ,  
I n  a d d i t i o n ,  t h e i r  phys ica l  i n t e g r i t y ,  a f t e r  cyc l ing ,  was so  poor t h a t  a  
l a r g e  percentage of m a t e r i a l  separa ted  from t h e  c a r r i e r  ( s u b s t r a t e )  and 
f e l l  o f f .  
B .  S in t e red  e l e c t r o d e s ,  those  f ab r i ca t ed  by impregnating a  s i n t e r e d  
s i l v e r  plaque wi th  Cd(OH)2, showed moderate u t i l i z a t i o n  (45%) on high 
r a t e  cyc l ing .  However, because of t h e  weight and volume of t h e  s i l v e r  
s i n t e r ,  t h e i r  capac i ty  per  u n i t  weight and volume was cons iderably  l e s s  
t han  f o r  pressed type e l ec t rodes .  
The low capac i ty  per  u n i t  weight and volume make them imprac t i ca l  f o r  
u se  i n  silver-cadmium c e l l s .  Sealed silver-cadmium c e l l s ,  f ab r i ca t ed  wi th  
t h e s e  e l e c t r o d e s ,  were negat ive  l i m i t i n g  and l a s t e d  l e s s  than  20 cyc le s ,  
w i t h  f a i l u r e  due t o  severe  s i l v e r  migra t ion  (Figure A-1). 
C. Pressed e l ec t rodes  of t he  s tandard  type,  3Cd0: 1Cd(OH)2, have a  u t i l -  
i z a t i o n  of about 40% on high r a t e  cyc l ing .  The e l ec t rodes  have f a i r  
green s t r e n g t h  and show minimal l o s s  of m a t e r i a l  on cyc l ing .  
Fu r the r  i n v e s t i g a t i o n s  ind ica t ed  t h a t  u t i l i z a t i o n  was n e i t h e r  a  func t ion  
of p re s su re  nor a  func t ion  of t h e  amount of s i l v e r  added a s  a  conduct ive 
d i l u e n t .  
S i l v e r  cadmium c e l l s  cons t ruc ted  w i t h  t h e s e  e l ec t rodes  have completed 
342 c y c l e s ,  a t  50% depth of d i scha rge ,  wi th  end-of-discharge vo l t ages  of 
1.07 v o l t s .  
D. Pressed e l ec t rodes  of  t he  t e f lona ted  Cd(ONI2 type  have high r a t e  
cyc l ing  u t i l i z a t i o n s  of about 65%. I n  a d d i t i o n ,  t h e  e lec t rochemica l  
u t i l i z a t i o n  remains cons tan t  over a  number of cyc l e s ,  r a t h e r  than  s t e a d i l y  
decreas ing  a s  do s tandard type pressed e l ec t rodes .  
These e l ec t rodes  have good green s t r e n g t h ,  and a f t e r  cyc l ing ,  show 
e x c e l l e n t  adhesion t o  t he  s u b s t r a t e  wi th  no s i g n  of m a t e r i a l  l o s s ,  b l i s t e r -  
i n g ,  o r  c racking .  
Due t o  t h e i r  high u t f l i z a t i o n  and c a p a c i t y  r e t e n t i o n ,  t hese  e l ec t rodes  
can be made l i g h t e r  by us ing  l e s s  a c t i v e  m a t e r i a l s ,  thus r a i s i n g  t h e  
energy d e n s i t y  of silver-cadmium c e l l s .  
Silver-cadmium c e l l s  cons t ruc ted  wi th  these  e l ec t rodes  have completed 
382 c y c l e s ,  a t  50% depth of d i scha rge ,  with end-of-discharge vol tages  of 
1 , 0 7  v o l r s ,  
E ,  Further investigations of teflonated cadmium electrodes have indicated 
that superior electrodes are produced when the teflonated  ater ria? is 
cadmium oxide, as prepared in our laboratory, s~arting from a battery 
grade cadmium nitrate and mercury cell grade potassium hydroxide, The 
particle size of the starting Cd(0H) should be controlled in order to 2 produce e l ec t rodes  wi th  a  high BET su r f ace  a rea .  
I n  view of t h e  d a t a  presented  he re in ,  we may conclude t h a t  t h e  ob- 
j e c t i v e  of t h i s  program, " the development of a  non-magnetic cadmium 
e l e c t r o d e  which is r e s i s t a n t  t o  capac i ty  fading",  has  been achieved. 
A P P E N D I X  2 
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FAILURE ANALYSES REPOfiT 
NASA Form 5 1 2 2 1  

DATE : 10/31 /69  
CELL IDEh'TTFICATION: 
Lo t  So ,  C c l l  KO. 1 ~ c s t  so. Tc  f lona tc t l  Ct1(01i)2 
TEST COSDITIOKS : 
C y c l c  P e r i o d  12 h r s .  0 L, P 
Cl~argc 11 . i ~ r s  , 0 .3  mlps I .  2 . 5  saps 
FAILURE COSDITIOSS : 
Cycles  t o  f a i l u r e  259 D n ~ c  10 /30 /69  
1 Cause o i  i a i l u r c  s i l v e r  1iii;;sntion 
End o f  d i s c l ~ a r g c  v o l t a g c ,  l a s t  c y c l c  0 .0  V 
a. Lc~nkngi .  None 
b. OClf 1 h r ,  n f r c r  t e s t  0 . 0 V 
c. I n i t i a l  w i g h t  Hot t-nl-vn ; ms 
F i n a l  weight: K / A  cyn s 
We i g i ~ t :  clian~;c ~ / i \  ;;a s 
d .  P ; ~ c n o l p h t h a i c i n  
e. Case i n s p e c t i o  
f. R e s i d u a l  c a p a c i t y  0 
I hTE=:;iL I ?;S PECTION : 
a .  A c t i v e  m a t e r i a l  i n  c n s c  Minimal 
b. Pack w c t n c s s :  F r c c  KOii X ; m o i s t  ; dl-)?F 
c .  ;.:igratcd a c t i v e  m a t e r i a l  Sornc  or^ sc .pnrn tor  
d .  T c m i n c l l s  Cood 
P l a t c  t a b  
e. Xcgar ive  
Aitcr rcciiar-gc' 5 . 0  A;; 
P o s i t i v c  pack c a p a c i t y :  A s  Cni icd  0 &I 
A t c c r  rcc i lorgc  2 . 1  Ah 
f. No. of plotcs: P o s i r i v e  ; ru'cgativc 9 
SEPXRitTGR 1 XSPECTLON 
FRCIL TOP, (+) TEQlIl\?ttL ON &El?%" 
POLIRITY ( C )  
s EI '~ \R ,~T~)R %ssatEers%ex 
FRmt BOP, (+) "B"DfPXAL ON LEi:T 
Silver penetration through both separators 
Good - No material loss or cracking 

DATE: 101321'69 
C E L L  I DEhTIFICtlTION : 
Lot XO, C e l l  NO* 2 ~ c s t  NO, Teflonated Negs. 
TEST COSDITIOSS : 
Cycle Pcriod l2 h r s .  Temp. 2  5 O C  
Chargc 11 l ~ r s ,  0 . 3  ampa Discharge 1  h r s . ,  2.5 amps 
FAILURI: COhVITIOXS : . 
Cycles t o  f n i l u r c  277 10124169 
C a u s c o f  f a i l u r e  S i l v e r m i g r a t i o n  
End of d i scha rge  volcagc ,  l a s t  c y c l c  0.0 V 
EXTERYAL ISSPECTION: 
3. Lcnkngc Non 
b. OCV 1 h r .  n f t c r  t c s t  0 .0  V 
c. I n i t i a l  w c i g l ~ t  Not tnlccn ,gas 
F i n a l  weight V I A  !;a s 
i;ns 
f .  Residual  c a p a c i t y  0 Ah 
I ~TERIIAL I XS PECTIOX : 
a. Acrivc n a t c r i n l  i n  c a s e  None 
b. Pack wctncss :  Frcc X ; moist: ; dry  
- 
c .  ?:ir,rated n c t i v c  mntc r i a l  on sepa ra to r  
d ,  Tcnninals  
. P l s t c  t abs  
e .  Ncgativc pack c a p a c i t y :  As f n i l c d  0.25 
A f  t c r  rcciinri:o 4 . 7  A h  
P o s i t i v e  pack c a p a c i t y :  As f a i l e d  0 Ah 
A f t e r  r c c l ~ a r ~ c  
f .  No, of p l a t e s :  P o s i t i v  ; Nc 
SEP:IRATclK 1XSPI:C"FION 
FKQl TOP, (+) TEI3IISAL ON LEFT 
Remarks : 
POLARITY (-1 
Remarks: Silver migration through both separators 
15L\TE ZSS l'I:C:"leIOS 
F%@t TOP, (+) TEiUiISXL ON I,llli;"a: 
Remarks : 
Remarks : 
SXSA COST&'\CT NO, : NAS 3- 11829 
DATE : 
CELL IDENTIFICATION: 
REPORT SO, : 
L o t  No. C e l l  No. 3 T e s t  xo .Te£ lona ted  Cd (OH)2 
TEST COSDITIOSS : 
C y c l c  P e r i o d  1 2  h r s .  Temp. 2 5 "C 
C l ~ a r g e  11 h r s ,  0 . 3  D i s c h a r g e  1 h r s . ,  2 .5  saps 
FAILURE COXDITIOKS : 
C y c l e s  to  f a i l u r e  175 Da te  9/3/69 
Causc o f  f a i l u r e  s i l v e r  m i g r a t i o n  
End of d i s c h a r g e  v o l t o g c ,  l o s t  c y c l e  0.0 V 
E>ITERY;AL ISS PECTION : 
a .  Lcnkagc None 
b. OCV 1 Irr. n f t c r  t c s r  0 .0  v 
c. I n i t i a l  w e i g h t  Not t aken  i::;, s 
F ina  1 wc ij;h t N /A gcis 
d. 
c .  Cast i n s p e c t i o n  Good c o n d i t i o n  
f .  R e s i d u a l  c a p a c i t y  0.0 Ah 
A c t i v c  m a t c r i a l  i n  c n s c  None 
Pack w e t n e s s :  F r c c  KO11 X ; moist: ; dry__ 
> I i g r a t e d  n c t i v c  m a t e r i a l  On s e p a r a t o r  
T e r m i n a l s  Good 
X c g a t i v c  pack c a p a c i t y :  As f a i l e d  ~ o t  tnlten Ah 
A f t e r  r c c h a r ~ e  7.4 ii h 
P o s i t i v e  ?rick c n p a c i r y :  As r a i l e d  0 "41 
No. of p la tee :  P o s i t i v e  
C/10 c h a r g e  
2.0 A c h a r g e  
Remarks : 
SErXRr"r'Ct7R %SSII"I:CT%oN 
FRa'S TOP, ($1 TE&lIn'ritL 8% LEI;l' 
Good Good 
Remarks: Silver Penetration througlr separators 
Pti lTE ISSPECTION 
FRcXl TOP, (4-1 'FElt\tPXt\L ON LEFT 
PI,:\TZ NO. I CO?:I)T'CJON I 
2 I Good - No cracks or loss of active material 
I 
Renarks : 
P U T E  TSS PEGTION 
'FZ@I TOP, (+I ZIE=IEAUL Oii' LET;"F 
Remarks : 
M S A  COSTiUiCT KO, : NAS 3- 11829 
REI'ORT SO.: 
CELL ~D~~I\TIFICATION: 
Lot No. C c l l  Eio, 5 
TEST COSDITIOSS : 
Cycle  P e r i o d  12 h r s .  'i'cmp. 2 5  "C 
Charge 11 . hrs ,  0.3  nmpu Discharzc 1 h r o . ,  2.5 m p s  
TAXLURE COSDITIOSS : 
Cycles  t o  f a i l u r e  255 D n t c  1011 3/69 
Causc o f  E a i l u r c  s i l v e r  mint-ntion . . 
End of d i s c h a r ~ c  v o l t a g e ,  l a s t  c y c l e  0.0 V 
a. L c n l t n ~ c  None 
b. OCV 1 lir. a l t e r  test 0.91 
c. I n i t i a l  w c i g l ~ t  Not: tal ten gxs  
F i n ~ l  wcigil t  td /A  P s  
pl s 
e .  Case inspection Good condj  tion 
f .  R e s i d u a l  c a p a c i t y  0 Ah 
ZhTEKSAL XSSPCCTIOS: 
3. A c t i v e  m n t c r i a l  i n  C , - I S ~  None 




. c .  ? f i g r a t c d  n c c i v c  m a t e r i a l  on s e p a r a t o r  
- 
d .  T c m i n n l s  Cnnc.1 , - - -  
- 
P l a c e  cabs  Good 
e .  Xcgnrivc  pack capacity: A s  fniZed 0 
P o s i t i v c  pack capac i ty :  
f ,  No, of p l a t e s :  P o s i t i v e  


POLARITY ( ) , 
Good - No cracking, c r a z i n g  or blistering 
Renarks : 
POLARITY (- ) 
SILVER- CADMIUM CELL SHOWING 
SEVERE SILVER MIGUTION 

A P P E N D I X  
-,,,,,-, 11 
ELECTRODE PROCESSING SPECIFICATIONS FOR 
TEFLONATED CADMIUM ELECTRODES 

I, RAW MATERIAL SPECIFICATION 
The raw m a t e r i a l s  used i n  t h e  f a b r i c a t i o n  of t h e  t e f lona ted  cadmium 
e l ec t rodes  a r e :  
1. B a t t e r y  grade cadmium n i t r a t e  s o l u t i o n  - s p e c i f i c a t i o n  a t t ached .  
2.  Solvay mercury c e l l  process  potassium hydroxide - s p e c i f i c a t i o n  
a t t ached .  
3 .  S i l v e r  powder, 1 1 - 1 6 b  p a r t i c l e  s i z e  - Handy & Harman Silpowder 150. 
4 .  Tef lon  Emulsion - Dupont P-30 type.  
5. S i l v e r  s u b s t r a t e s  - expanded s i l v e r ,  99.9% f i n e  s i l v e r .  The sub- 
s t r a t e s  a r e  0.010" t h i c k  and have a  mesh s i z e  of 0.093". 
11. PREPARATION OF CADMIUM HYDROXIDE Cd(OH)2 
Ba t t e ry  grade  C d ( ~ 0 ~ ) ~  s o l u t i o n  i s  maintained a t  a  concent ra t ion  of 
8.26N. B a t t e r y  grade aqueous KOH i s  maintained a t  a  concent ra t ion  of  8.07N. 
To a given amount of t h e  Cd(N03)2 s o l u t i o n ,  a  q u a n t i t y  of KOH s o l u t i o n ,  
2% i n  excess  of t h e  s to i ch iome t r i c  amount, i s  r a p i d l y  added (poured i n  a l l  
a t  once) .  The p r e c i p i t a t e  of Cd(0H) i s  washed wi th  deionized water and 
f i l t e r e d  t o  remove t h e  superna tan t  f l u i d  conta in ing  t h e  excess KOH. The 
p r e c i p i t a t e  is  washed u n t i l  t h e  f i l t r a t e  i s  n e u t r a l .  The p r e c i p i t a t e  i s  
then d r i e d  a t  70°c, Af t e r  drying,  i t  i s  ground and passed through an 
80 mesh screen .  A t  t h i s  p o i n t ,  t h e  m a t e r i a l  i s  analyzed f o r  p u r i t y  a s  
descr ibed  i n  Sec t ion  11 
111. ANALYSIS OF CADMIUM HYDROXIDE 
An amount of cadmium hydroxide i s  d r i e d  a t  275O~ f o r  24 hours .  This 
conver t s  t h e  Cd(OH)2 t o  cadmium oxide and removes any moisture.  Af t e r  
drying,  t h e  CdO i s  cooled i n  a  d e s s i c a t o r .  
An a c c u r a t e l y  weighed amount of CdO i s  d i sso lved  i n  d i l u t e  n i t r i c  
ac id .  Cadmium hydroxide i s  r e - p r e c i p i t a t e d  by t h e  add i t i on  of an excess  
of 5% KOH. So l id  potassium cyanide (KCN) i s  added u n t i l  t he  p r e c i p i t a t e  
r e -d i s so lves .  
The cadmium i s  then  determined by e l e c t r o p l a t i n g  onto a  platinum 
cathode. A minimum p u r i t y  of 99.5% i s  r equ i r ed .  
S V ,  PREPARATION OF ELECTRODE M I X  
The e l e c t r o d e  mix i s  made by weighing a  po r t ion  of Cd(OH)2, S i l v e r  
powder, 11-16p4 p a r t i c l e  s i z e ,  i s  added i n  t h e  amount of 5 weight percent ,  
Next, 5  weight percent  of P-30 t e f l o n  emulsion (Dupont) i s  added. A 
minimum amount of d i s t i l l e d  water  i s  added and t h e  mixture  i s  thorou,ghly 
blended. The mixture i s  now d r i ed  a t  70°C f o r  24 hours.  Af t e r  dry ing ,  
t h e  m a t e r i a l  i s  passed through a  20 mesh screen  ( s i m i l a r  t o  window screen-  
i ng ) .  The mix i s  now teflon-bonded by f i r i n g  a t  2 7 5 ' ~  f o r  20 minutes.  
This  bonded mix i s  then  passed through an 80 mesh s i eve .  
V. ELECTRODE FABRICATION 
The amount of m a t e r i a l  requi red  f o r  each e l e c t r o d e  i s  c a l c u l a t e d  by 
t h e  f a b r i c a t o r .  One-half t h e  requi red  amount i s  weighed out  t o  t h e  n e a r e s t  
0.01 gram. This  m a t e r i a l  i s  evenly d i s t r i b u t e d  us ing  a  spreader  t h a t  j u s t  
f i t s  t h e  mold c a v i t y  on t h e  bottom of a  c a v i t y  mold. The s u b s t r a t e  i s  
placed i n  t h e  mold and t h e  second h a l f  of t h e  e l e c t r o d e  mix i s  evenly 
d i s t r i b u t e d .  The mold i s  c losed  and pressed a t  7  t o n s / i n 2  f o r  20 seconds 
t o  a  d e n s i t y  of 3.18 g / cc  of Cd(OH)2. The e l e c t r o d e  i s  removed from t h e  
mold and any excess m a t e r i a l  i s  trimmed away. The e l e c t r o d e s  a r e  then  
s to red  i n  sea led  p l a s t i c  bags u n t i l  they a r e  ready t o  be assembled i n t o  
c e l l s .  
V I .  FLOW CHART 
A flow c h a r t  f o r  t h e  e n t i r e  ope ra t ion  i s  a t tached  a s  F igu re  A-2. 

SPECIFICATION, POTASSIUM HYDROXIDE 
(FOR ELECTROLYTE) 
Th i s  m a t e r i a l  s h a l l  be Solvay-Mercury C e l l  P rocess  Potassium Hydroxide, Premium 
Grade, 45% Liquor  having t h e  fo l lowing  ana lys i s :  
KOH 
NaO 
T u r b i d i t y  




4 PPM Max. 
1 PPM Max. 




GuEton D r a w i n g  No- A-5374 
CBEMICa PURITY SPECIFICATIONS 
BATTERY GRADE CADMIUM NITRATE PURIFIED 85% SOLUTION - APPROX, 
Clear ,  c o l o r l e s s  s o l u t i o n ,  f r e e  from suspended 
ma t t e r  o r  sediment 
S p e c i f i c  Gravi ty:  1.90 a t  120°F 
Maximum Limi ts  of  I m p u r i t i e s  on t h e  Following: 
Chlor ide (C1) 0.004% 
S u l f a t e  ( SO4 1 0.005% 
Arsenic  (AS 0.001% 
Copper (CU) 0.005% 
I r o n  (Fe) 0.002% 
Lead (Pb) 0.005% 
Zinc (zn)  0.05% 
Ammonia 0.01% 
Free Acid Content ,  HN03 0.05% Min. 
T o t a l  o t h e r  i m p u r i t i e s  
0.15% Max. 
0.1% 
N o t e :  Above limits of i m p u r i t i e s  a r e  on a 
c r y s t a l  b a s i s  a s  Cd (NO3) 2 . 4H20. 
Gulton Drawing N o .  
A-551-13119 
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U ,  S. Amny H o b i l i t y  Equipment RScD Center  
> E R E  
F o r t  Belvoi r  , Virginia 22060 
E l e c t r o  Technology Lab 
Energy Conversion Research Div i s ion  
Commanding General 
U, S o  Arqj Weapons Command 
Attn: ~iSI*lE-RDR, 14r. G, Reinsmith 
Rock I s l a n d  Arsenal  
Rock I s l a n d ,  I l l i n o i s  61201 
U e  S, Army Research Of f i ce  
Box Ci4, Duke S t a t i o n  
Durham, North Caro l ina  27706 
At tn :  Dr, ltiiihelm Jorgensen 
U ,  S, Amy Research Of f i ce  
Chief ,  R&D 
D e p a r L r ~ n t  of t h e  b y  
3BLlr2, The Pentagon 
krashington, De C, 20546 
U. S ,--Afiy ITa5ick Labora to r i e s  
CLothrrng and Organic M a t e r i a l s  D iv i s ion  
Uatick,  Massachuset ts  01762 
A%tn: L, A* Spano 
commandin; O f f i c e r  
U. S. Amy E l e c t r o n i c s  EI&D Labs 
Fcrt Monmouth, New. J e r s e y  07703 
A t t n  t Potier Ssurces Divf sion 
&GEL-KLZP 
krmj M a t e r i e l  Command 
Research Divis ion  
b2wzGRD-RSCM-T-7 
?las?lxryLon, D, C ,  20319 
Atssn: John 11, CreLXn 
U. S, limy 'i'RECOi4 
F o r t  Eust i s .  V i r g i n i a  2.3604 
Att;n: Leonard i.5. Bartone (S!~WF-ASE) 
U, S, Army Mobili-Dj Cornand 
Rcacarch Divis ion  
Warren, Michigan 118090 
A$tnt 0 ,  Renius (fdISX0-RR) 
Harry Di anond Laborat o r b s  
Room 300, Bui ld ing  42 
Conn. live, & V a l  i';e;s St., fZ.!q. 
Washington, D,  C, 20h38 
Attn:  Nathan Kaplan 
Office of Naval Research 
A r l i  ng+a n, i r i r g i n i a  22217 
Attn:  D i r ec to r ,  Powcr P r o g r m ,  Code h73 
Office of Naval Rescach  
Bcpnrtrreni of  Lbbt T : ~ v y  
\ I i w ~ -  ;-rllng".on, . a 22217 
i n  H. W ,  Fox, Code 172  
Naval Research Laboratory 
,!JSSS Overlook kvcnuo 
.Washington, 13, C, 20361) 
Attn:  Dr, J.  C, Wt~iee, Code 61;;) 
Naval Ship R&D Ccnter 
Ann,lpolis, Xaryla-id 21b02 
Attn: J ,  H e  Warrison, Code A 7 3  
R. J, Bowcn, Codc A 7 3 1  
2lnv:ii Air Systclns Cornnand 
i~l:p;,rr,a<:n t ox' t h e  Nawj 
Washingtan, D ,  C, 20360 
A%"cn:: Cod;., A I R - ~ ~ ~ O C  
U. S, Xavai Observatory 
4 j O i  Stritla:>;i Road 
S u i t l a n d ,  $ i a ~ y l a d  20390 
Attn:  R ,  E. Trumblc, S T I C ,  Bldg. 52 
Kaval Ordnance Laboratory 
S i lver  Si lver  Spring, Maryland 20910 
Attn:  P h i l i p  D, Cole, Code 2 3 2  
Xaval Ship Englneer5ng Cen tc r  
Center Building,  Pr lnce  Gcorges Center 
Hyatt sv i l l e  , h5aryland 20702 
Attn: C ,  F, V i g l o t t i ,  Code 6157D 
Bureau of Naval Weapons 
kpartrnent  of tb Navy 
Washingron, D. C .  20360 
A t t r i z  b h i t e w a l l  T . Beat son, Codc RAAE-5'2 
:lava1 Ship Systems Command 
Washington, D. C *  20360 
A%tn: Bernard B e  Rosenbaum, Codc 03422 
Depc?str:f:nt of the A i r  Force 
Aero Propulsion Laboratory 
Vr ight -Pa t te rson  AFB, Ohio 44433 
Attn:: J m e s  E, Cooper, APIP-1 
AF Cambr2dgc Research Lab 
Attn: CRFE 
L o  Go Hmscom F i e l d  
Bedf oMi, 14assach.~set ts  01731 
Attn:  Dr, R ,  Payne 
AF C a b r i d g e  Research Lab 
L. G ,  Fiznscon f i e i d  
BsafosZ, S;&ssar,husetts 01731 
Attn: Ldward Raskind (wing F), CkTC 
Iieadquamers, U e  S, A i r  Force (IIFRDR-AS) 
Llashxngxn, D,  C- 20325 
A"ctn:: ihjcir 13, Starltcy 
I-ieadq?iai-,er;, U *  S ?  A$ r- Foree ( A ~ D R - A S )  
I.lashzng~.on, ;i . C ,  20325 
A6:i-i: it. C9i0 2J21123m G. Alexmdcr  
R G I ~ C  iii r Bcvelopnient, Center ,  ZSil 
G r j f Z i s  AFB, ~ I C L J  Y ~ r k  13i+ijQ 
A t t a n s  Frank J . l<oUura (2;;:.%2) 
Space Systsrns Dxvisicn 
Eos Angeles tar Force S ~ a t i o n  
Los Pmgeles, Ca l i fo  rma 3~545 
At-tn: iiQSlri*iSC 
( ~ l . ; " r A I l / ~ t .  R . B a l l u d )  
Other  Coverr~ment A ? C ~ C I C S  
Nation& Bureau of S t r a ~ S a r u s  
biasiiington, D. C -  2023h 
At,tn;. Cr. W. J. Warner 
l{:tt, i ona l  Bureau of Standaxxis 
Wnshlni:ir,n, D. C, 20234 
i"~t.tnt Dr, A. Sreriner 
Of fi.ce, Sea Varf are System 
Tho Pcnls&on 
I.!ashing-r;on, Do C ,  20510 
A L m :  G ,  13, IIJnrch= 
D.ivi sior, of R~ac t o r  D c v e l o p ~ ~ ?  nt 
Washingtor-i, D, C ,  20325 
X t ~ n r  Lt, Col  , Georga II, OgbwaS G.r .  
Lt, Co1. John 2.  Anderson 
I:.a\ral;;=eci Spac;: P,e;cLor Eraiich 
I jL=r l s~c?  n of ReacLvs Developent 
U .  S, kloniic Energy Cu:~;;~:i.ssLon 
Washington, D ,  C, 20325 
Kr, Donciid A *  Hvatson 
Army Rcnczors, Xi3 
U ,  S . 1,;omi.c Enorgy Ccmrr,i ssion 
l*,~c~.;ti~n~;:an, D, 6 ,  2CS15 
C l e x ~ i n g  Hause f o r  Scient . if ic & 
Techxncal InEormat,ion 
5285 Port  Royal. Road 
Springfield, Virginia 22153. 
Privats Orr-lanf xations 
Aerc jet-Gcnersl Corporation 
Chermial pro duet.^ Division 
Azusa, Cal i fo rma  91702 
A t t n z  William H, Johnson 
k ronu t ron i c  Division of Philco Corp. 
Technical Infomation Services 
Ford Road 
Mewport Beach, Ca l i fo rn ia  92663 
Aerospace Corporation 
P, 0 ,  BDX 95085 
Zos Angeles, Calif  ornja 90045 
A-ttnr: Library Acquisition Group 
S e r o s p c e  Oorporatlon 
Syst ;ns Ik sign Division 
2350 East E l  Segundo Boufev 
E l  &gur,do, California 902 
k t tn :  J o b  G o  Kr i s i l a s  
A.PI,F. 
At tn -  R. J e  lhsny/14, S ,  ltintz 
685 Hope St.,rcet 
Stamford, Connecticub 06907 
Aneric an Univs rsi t .y 
!,:ass. & Nebrzjka Avenue, N.W. 
\/::askington, D, C ,  20016 
Al tn :  D r ,  R, T ,  Foley 
ChemsLry Department 
Xythus D,  L ~ t t l e ,  Xne , 
Acorn Park 
Cwikradge, i.'bissac'r;~setls 021h0 
r Dr, Jams D c  ililrkett 
GatGcile Mcmor~si I n s t i t u t e  
505 King Av~nu13 
Colurflbus, Ohio 43201 
Attn: Dr. C ,  Lo Faust  
,Be l l  Laboratories 
Kurray H i l l ,  N e w  Jersey 07974 
Attn: U, E, 'i'hornas/~, 0. Feder 
The Boe i~g  Cornpaw 
P, O *  Box 3939 
Sca+tle, Washington 38124 
Attn: Sid B ~ G S S  ( 1 . ; ~  08-36j 
Borden Cherzi c a l  Comp'my 
Centra l  Research Labozatorj 
P. 0,  BOX 9 ~ 2 b  
Philadelphia, Pennsylvania 13EL 
Burgess Batterjr Company 
~ o o t  of Exchange S t ree t  
Freeport, I l l i n o i s  61032 
Attn: M, E,  h'il'rce, Cihief Erg .  
C & D Ba t te r ies  
r)i.visi;ion of E1Lra Corporzkion 
3017 ' J i l t o n  h a d  
Plymouth Meetir'r~, Pennsylvania 19462 
Attn: D r .  Eugene Willxhng&ru 
Ca lv in  Co1l.c ge 
Science Bu2.35 1~ 
3175 Burton StrecL, S.E,  
Crarid Raplds, I h c k r ~ n n  49506 
A t  tnr  Prof. T , P. ljlrkse 
Comnunications S a t e l l i t e  Corporation 
Comic i t  Labs 
P* 0 "  Box 135 
C3.3~-k sburg , 3:aryland 2013l.i 
A t t r t :  I4r ,  Eobsr t  Strauss 
Catalyst Rescarch CorpuraLion 
6 3 ~ ) B  B l n l p  !!ill Lane 
Daltbol-$2, fbk1i-y l n r d  3i 203 
Al,"ca I'D* F, Tc-: , L z 2 
C u k i ~  Corporat ion 
9233 Baiboa Avenue 
San Diego, C a l i f o r n i a  92123 
At.Ln: L i b r a r i a n  
Eelco Remy Dlvislon 
Gsmr a t :.Io+.ors Corporat ion 
2 a01 C o Zumbus Avenue 
Ancerson, Inrdi m a  46013 
Attn:  J ,  A ,  iCeral3.a 
Eeli .com, Icc , 
955 kxifant Plaza North, S.we 
. T  ~~asnmgi..on, Do C ,  20024 
Aftn: 3, W, Moss 
D;-natec- h Corporat ion 
17  Tudo:*Street 
Cmbridse ,  Ihss a c h u s e t t s  02139 
kt8tn: R ,  Lo kJentworth 
Eag le -P~ahe r  Industries,  Inc. 
Pos t  Offlee Box 47 
JcpLin, bkssowi 6L803 
li:,tn: Eo Po Brog l io  
ELec trocherniqjL & lrtla.ter E e ~ a l i n a t i c i ~  
Tecil;:olo;y 
13b01 Kootenay Dr ave 
Santa  Ana, CQi fo rn i a  32705 
Attn: Dro Carl Eerger 
E iec t roc  h h i c a  C o r p o r a t i ~ n  
lUO O'Bncn Drivc 
blenlo Park, Calxfornia 34025 
Attn: Dr. >forr i s  Eisenber-g 
E,  I, DuPont i3cmol;rs E? Co. 
Engineering I2iLcrials Labora tory  
IbJilrrLngtsn, Delatfare 193.38 
Attn: J. 14, t.JilJims, i32dg. 304 
Energe t i c s  Scicnce,  I n c ,  
Lh 61 Brozljc Br,u.evard 
% *  ihe.ci Y G ~ . ?  Xe:.iYork 1 f i b l O  
Attn:  Dr, ti, G ,  Osir ln 
E l g i n  Nat.iori33 Watch Company 
7-0'/ Nat;ional Streek 
Elgin, I l l i n o i s  63120 
Attnr T o  Bos~ri72.1 
ESn Inc, 
?os% OZfice Sox 11097 
Ra;eigh, North Caro l ina  27604 
k t  t n: Direcsor  of Engineering 
Ehhar; Corpora t ion  
Box 1620 
Har t fo rd ,  Connecticut 06102 
Attn:  Dso W, P, Csdog&z 
Ele  e tromit.e Corporat ion 
2117 South Anne Street 
Santa Ana, C a l i f o r n i a  92704 
A~tn: 8,  H,  Sparks 
Znergy Research Corporat ion 
;5 h~r*a-~t Aircnue 
Bethe1, C o n n e c t l c d  06801 
At,Ln: l?;, Klcin 
Engelhard I n u u s t r i e s ,  Inc.  
h97 Delancy Stl-cet  
iiewark, l k t r  Jersey 072.05 
Attn: Dro J, G o  Coirn 
Dr GrLhur F l e i s c h c r  
466 South C e n k r  Strer,t 
Orango, New Jersey 07050 
Genardl mec t r i c  C o m p w  
rt & D C C ~ ~ L C X  
P>sd O f f  its Box b3 
A.i,+,s?,, tjr. R, I"". 
G ~ n s ~ a l  E l e c t r i c  C o m p q  
Space Systems 
Post Office Box 8555 
Philadelphia, Pennsylvania 19101 
Attn: K O  L ,  Hanson, Room M-2700 
General E l e c t r i c  Company 
Battery h s i m  ss Section 
Posc O f f ~ c c  Box 1l.b 
G a i r ~ e s ~ l l e ,  Florida 32601 
A t t n ~  P o L  R, Voyentzie 
General E lec t  ,ric Company 
Reseazzh & Lktrelopm?nt Center 
Post  Office Eox 8 
Scheneetdy,  Xew York 12301 
A t a t  n : Wbtney Library 
Dr, Po Lo  Howard 
Ceni;revllle, Maryland 21617 
Gene~al  Telephone & Electronics  Labs 
Sayside, Kew York 11.392' 
Attnr Dr, P a u l  Goldberg 
Could Zoniss, Inc, 
Post  O E ~ A ~ P  Box 1377 
Cmoga Park, Csl l fornia  91304 
Attn:: D r ,  J, E, Oxiey 
Globe-Union, I nc ,  
Posc Offlee Box 592. 
Mllwauk?~,, WLSC o n ~ i n  53201 
k t t n z  Dr, E ,  Ye IJf-rssman 
General EI~c t r5 . s  C"o;npan;y 
777 - : i + h  S f r e e t ,  l,I.Wo 
ytIashlngtorr, Do C ,  2WO5 
k r ? , ~ n ' r  Do F,  Sckmilt 
C~rwman Aerospace Corporation 
OkO P ~ o j e c t  
Bethpage, Long I s l a n d ,  N. Ye 117l-h 
At,tn: S o  J, Caston ( ~ h n t  41) 
Hughes Aircraft Corporation 
Centinda Ave, G Teaie S t r ee t  
Culver Ci.ty, Ca l i fo rn ia  90230 
A-ctn: T, V, Carvey 
G ,  et Wo H o  Corson, Inc , 
Plymouth Meeting, Pennsylvania 1YLi62 
Attnt Dr, L o  J o  i'&rJsick 
I-Iughes Ai rc ra f t  Corporation 
Bldg, 366, M+S* 524 
E l  Segundo, Ca l i fo rn ia  90245 
Attn: M, E, E l l i son  
Hughes Rescarch Laboratories Coq .  
3011. I.lal.ibu, Cal i fornia  90265 
lit,t?n: 'I!, M, tiahn 
ITT Research b ~ s t i t u t e  
3.0 1.Io;t 35th S ~ r e e t  
Chicagol I l l i n o i s  406~6 
kt-tn: D r .  H e  T, F ~ a ~ c i s  
In s t  i t  nCe f o r  Defense Analyses 
3ilppol-t Din s i  on 
400 Army-Navy Drive 
Arl ington ,  Vxsginia 22202 
Attn* Mr- 8 ,  HamiLt,on 
HeZ~otelt 
12500 Glads tone Avenue 
Sy.har ,  Cali f i r  nia 9131.32 
" At,%n: Dr, B e  No Seiger 
Ins t i t tu te  f o r  Ikfcnse 
RPriS Silppuffi, D ~ v i s i s n  
LOO Arnly -li;a-v 0rz :.;\re 
lirl i i<td-)n, V~r: ;~nfa 21202 
A%xnS Dr, 3 r ~ c f j i l ~ t r ~ 1  
I d ~ h o  St  a te  Uruversit.y 
Depxrmnt  of Chemistry 
Poeatel lo,  Idaho 83201 
ktitns Dr, G. b1;yron Arcand 
John Hopkins Universi ty 
Appiied Physics Laboratory 
8621 Geargla Avenue 
S i lve r  Spring, Plaryland 20910 
A:tns Richard E, Evans 
Johns-Hanville FG!& Centcr 
Post  O f f ~ c e  Box l.59 
14m1?il l a ,  New Jersey 06835 
Attn: J, S o  Park~nson  
k e s o n a  1400s Laboratories 
Lake Susc?ss Park, Community Drive 
Grsat R e e ~ ,  New York U021 
Attn: Dx, A ,  Moos 
Honeywell I nc , 
Li-nrgsti;n Electronic Laboratory 
Route 309 
1-1ont~gorner3~ 11e, Pennsylvania 18936 
A.t,zn:: h b r  
Lockheed i4issi les & Space Company 
P35-t Offxce Box 504 
Susnyvde ,  CallforrAa 94088 
A$tnz Rn E ,  Corbett 
&pto 62-25, B u g ,  157 
Ijfe Sysi,erns, ine. 
23715 l<c:rc~r*2;xle Road 
Cleveland, Ohlo 44122 
A+,-t,ri~ D r ,  R e  A.  Wynveen 
Lockhwd Hisslies 8 Space Company 
D e ~ a z  %*at 62.-31) 
jSSE Banover Stree6 
Palo k l ~ o ,  Cdzfr3rr;la S)ii304 
A % m :  J, E ,  C h i f t q n  
Lop~tr:z:d !ril.;~~11)3 & Space Compmy 
1 
~. - - ,y i r~- ,d  Zriforvna~ion Center 
3251 iianover S t * r e e ~  
P6.o k ico ,  G a l 5  f o s ~ a  93hOb 
Kallory Bsttery Companj 
South Broadway & Slunryssdt. Lane 
Tcrrjtown, New York 10593 
Attn: R, R ,  C l w s  
P. R ,  MalLory & Coripany, Inc * 
Northtrc st I n d u s t r i d l  Park 
Burling con, i%ssachusetts  01603 
Attn:. Dr, Per Bro 
Po R,  Mdilory & Compariy, Inc.  
T,echnicd S2rv;ces Laboratory 
Indianzpolls ,  Tndiaria 46206 
AC,t.n:. A, S ,  Doty 
Po R ,  24zllory & Company, Inc, 
3029 E. Mashir~gmn St rseL 
- Ind i  ,mapoi-i s , ~ n d i  -ma 4 02 06 
Attn: Technical Librarian 
HarquardL Corporation 
16555 S a t i c ~ y  Soreet 
V a n  Nuys, Cal i fo rn ia  9a06  
A%r,n: Ds, H.  G, K r u l i  
Post Offic? Fox 119 
Denvsr, Colorad3 80201 
A t t n :  WilLim i3, C o l l l c s  (1.5 1620) 
A t t n : :  1.i. S, I:fiXiu'i"a (;*IS r"8bhS) 
J, L e u t h a d  
I.fcDonno21 Douglas Astronautics Co. 
e 5301 Balsa iivanw 
Wuntlngton Beach, Ca l i fo rn ia  926U 
A.tj%n:: Br* G,  M O ? ~  B l d p ~ ~  11-3-12 (b:3 12) 
A ,  D, Tone1Ld, a l ag ,  22 ( 1 6  3-79 
He l p  a r  
Tcc hrmicnl Znf orya! t o n  CenLer 
7700 i i r i i r i r o n  3oi:levcr~d 
Fs l?  s Chwch , Vxr:;:nia 220LG 
North k~ i~ i *? l * i i  an itor;mc.ll 
Aui,onr.i i cs D ~ V L  i l o n  
Posf d f f i c c  Rax b l 8 l  
h a h p x m ,  CaZiforrna 92693 
Ai,t,ny R ,  F. Fog1t3 J CF:t; 
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].:eta 7s and Controls 9 i v i s  ion  
T?sas I n s t r ~ ~ s c n t s ,  Inc.  
34 Forres t  S t r e e t  
At t l sboro ,  b'assechtlsetts 02703 
Attn:  Qr. J. W. ROSS c 
:4idta;est Research I n s t i t u t e  
425 Volker Eoulevsrd 
k n s a s  Ci ty ,  blissol.ri 64110 
Aztn: Pnysical Science h b o r a t o r y  
l;orth imer ican Aviation, kc. 
L214 hkexocd %,~levard 
-* 
, mcnej., CrilFfornia 9~2141  
i l t tn :  Bwton ;.I. Ctzinger 
%* 
. ,orth Rxerican Aviation, Inc, 
socket  dyne Divis ion 
L633 Canoga Avenue 
knoga  ?ark, Cal i fornia  91304 
At tn :  L ib ra ry  
> 
;;orth h ~ r i . c a . n  Avlat ion CO. 
S&ID Division 
Dmmey, Cs i i fo rn ie  90241 
Attn:  D r .  Jams iTas 
C);clahm& 2ta.t e Univers i t y  
S t i l l u a $ e r ,  C k k s r w  3 ~,u..3 74075 
Attn:  Prof. '?Ii13ba:n i. Eughes 
School o f  E l e c t r i c a l  Engineering 
Fower Inf oruat  ion Ce fit e r  
Ur,i.;ersity Cizy Science I n s t i t u t e  
5401 $';irk& S t .  , Fa,, 2107 
Philc;delpkia, Pennsylvania ' 19104 
i ) r b ~  B a t t e r y  C o r ~ o r a t  ion  
1 5 6 ~  Cornet S t r e e t  
Eanta Fe Sprini;s , Cal i f .  , 30670 
PPr,S,ri: 1 1 ' 
>r,rb.tl.i ;;~:.ircs' :;oi;;j-Ccls Carp, 
. , -  I : , , ! ,  ; j , - ! i - (*: ; . J ; . j r : r , t ; J  [ \ - : ; . . ? . . > - a  
- 
.i ' . .iliL 
; .  ' J  $ 8  , 10552 
/.&t,%rL: IJ, ,?c~.:ji?,~jl'~ 
MI Research Corpdratioiz 
225 I.%rcus I!ol~lev&rd 
fiauppnuge , L. I ,  , i k w  Yorlr li787 
Philco Corporation 
Division of tke  E'ord f b t o r  Co;?.pe~;;. 
Blue &21, Fen:isylvania E7it22 
Attn: D r .  PniLlip Colet 
Thilco-Ford Corporation 
?over & Control Eng . Dept , 1.5 E 6  
3939 Fabian Why 
Talo Al to ,  California 54303 
Attn: :."it.. D. C. Briggs 
Bad i o  Corporation of I"-zr.er i c a  
415 South F i f t h  S~reet 
i h r r i s o n ,  Bew Je r sey  07029 
Attn:  E r .  G. S, b z i e r  
BJ-dg. 18-2 
S o u t h ~ ~ ~ e s t  Resecrch institu-ke 
P, 0,  Dra~ier  28510 
San Antonio, Texas 78223 
r2-t-tn: 1,i'urcsry - 
?onotonc Corporai i on  
Sal;~ i . : i iL R i t i z r  i',;;kd 
2lnisford, i':c.t,: York 10523 
Attn: A. I-;irndf;l 
Tho:r&s A. Edison Rzsearch h b o r a t o r y  
1 .kCra . r  5dison ~ o i p a n y  
Slat cnsng Ave n u  
- "  West Orcnge , i m r  <Jersey 07052 
4 %  9 r ,  P. F, Greiger 
n ~ c x a s  Tnst r~ments  , Inc. 
P. 0, :?OX 5336 
Dallas, Texas "75222 
Attn: ijr , lshse 'isr:~~'i~-ti'riberg 
, . 
: ; t ' f L ; ) ! x < 3 j , t 1  , : t , ; . ; a  ,,:iqt:11 tr1t;t. i t;iit.:: 
- 5  - 
< ~ ~ > 2 ; & . 3 < 1 1 ~ t ! c ~  ~ " C ! % ~ t i t  
J1.v iilc: , i. ;'~,*ri.i.a P: ; t  >t'.,!+ 
.) 
Attn :  Dr. F. H ,  K;tf'rlarmner 
TI34 Systems, Inc. 
One Space Fark 
Redondo Beach, California 90278 
Attn: D r .  Iierbert P. Silverman (R-1/2@4) 
D r .  W. R. Scott  (M-2/2254) 
T E ~ ,  mc, 
23555 Euclid Avenue 
Cleveland, Ohio 44117 
Attn: Librarian (TIN 3417) 
Tyco Iaboratories , Inc. , 
Pear H i l l  
Hickory Drive 
SJalt.ham, bkssachusetts 02154 
k t tn :  D r .  Jose Giner 
Unified Sciences Associates, Inc. 
2325 E. Foot h i l l  Boulevard 
Pdsader&a, Ca liforn-;8, 91107 
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